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strong dependence of the crystallization 
speed on temperature has recently been 
linked to the high fragility of PCMs. [ 4–10 ]  
More specifi cally, this behavior has been 
attributed to a pronounced change in the 
activation energy and the prefactor for 
growth velocity as a function of tempera-
ture, which is a fi ngerprint of fragility. 

 The GeSbTe compounds lying on the 
pseudobinary line GeTe–Sb 2 Te 3  are the 
most widely studied family of PCMs, due 
to their applications in DVD-RAM, rewrit-
able Blu-Ray discs, and phase-change 
memories. [ 11–21 ]  Recrystallization of 
GST is known to be triggered by nuclea-
tion events. However, in state-of-the-art 

memory cells, it may be governed by crystal growth at the inter-
face with the crystalline matrix, due to the small size of the 
amorphous mark. For system sizes of the order of nanometers, 
crystallization occurs on the sub-nanosecond time scale at ele-
vated temperatures, opening up the possibility of investigating 
this phenomenon by ab initio molecular dynamics (AIMD) 
based on density functional theory (DFT). [ 22–26 ]  In previous 
studies [ 22–24 ]  amorphous models of the prototypical compound 
Ge 2 Sb 2 Te 5  (GST) containing 60–180 atoms were crystallized 
using AIMD. These works provided valuable information about 
the microscopic mechanisms of crystallization, although they 
did not assess fi nite size effects, which are expected to play an 
important role in such small samples. Larger models of GST 
containing 460 and 640 atoms were later studied: [ 25,26 ]  in one 
study, [ 25 ]  crystallization was facilitated by inserting a crystalline 
seed inside the amorphous network, whereas, in another [ 26 ]  
extremely long simulations (4 ns) of 460-atoms models without 
structural constraints were carried out. 

 The stable crystalline phase of GST is hexagonal and consists 
of alternating Ge, Sb, and Te layers. [ 27 ]  However, there is experi-
mental evidence that, upon fast crystallization of the glass or the 
supercooled liquid, a metastable rocksalt phase is formed. In 
this phase, Te atoms occupy one face-centered cubic sublattice, 
whereas Ge, Sb, and vacancies are randomly arranged in the 
second one. The amount of disorder in this sublattice is diffi -
cult to ascertain. Recently, it has been shown experimentally, [ 28 ]  
and subsequently corroborated by theory, [ 29 ]  that the degree 
of randomness in crystalline GeSbTe and similar compounds 
(such as Ge 1 Sb 2 Te 4 ) can be reduced by thermal annealing, so as 
to induce disorder-driven insulator–metal transitions. 

 In this work, we carry out AIMD simulations to study the crys-
tallization kinetics of GST at high temperature (≈600 K) and esti-
mate its growth velocity, as well as to determine the structural 
properties of the recrystallized phase, including the layer stacking 
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  1.     Introduction 

 Optical storage devices and electronic memories based on 
phase-change materials (PCMs) exploit the optical and elec-
tronic contrast displayed by their crystalline and amorphous 
phase. [ 1–3 ]  In these devices, high-speed switching stems from 
the ability of PCMs to undergo fast transitions (induced by 
optical or electrical pulses) between the two states, whereas 
long retention times originate from the remarkable thermal 
stability of both phases at room temperature. The extremely 
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sequence and the amount of disorder. We consider two sets of 
simulations. In the fi rst one, we use metadynamics, an enhanced 
sampling method, [ 30 ]  to accelerate the formation of sizable crys-
tallites and then we let the nuclei grow by performing standard 
“unbiased” AIMD simulations. In the second set, we consider 
amorphous models inside a crystalline matrix, obtained by fi xing 
two atomic layers at the crystalline positions during melting and 
subsequent quenching. The latter simulations describe crystalli-
zation of very small amorphous marks (wherein the probability 
of forming critical crystalline nuclei is low), as well as growth at 
the boundary of large nuclei. We thoroughly compare the crystal 
growth velocities and the structural properties of the recrystal-
lized models obtained from the two sets of simulations.  

  2.     Methods 

 The models are heated at 3000 K and then cooled down to 
the melting temperature, at which they are equilibrated for 
30 ps. The amorphous state is obtained by quenching down 
to 300 K, with a quenching rate of 10 13  K s −1 . The models are 
then equilibrated at this temperature for another 30 ps. To 
study the crystallization behavior, we increase the temperature 
to 600 K and perform canonical simulations, after 25 ps equi-
libration. We consider purely amorphous models containing 
460 atoms in a cubic 2.44 nm × 2.44 nm × 2.44 nm supercell 
(fi rst set) and 540-atom models in an elongated orthorhombic 
2.25 nm × 2.16 nm × 3.51 nm cell containing a crystalline 
matrix (second set). We employ the “second-generation” Car–
Parrinello scheme [ 31 ]  implemented in the Quickstep code of the 
CP2K package. [ 32 ]  In this code, periodic boundary conditions 
are enforced. We use the generalized gradient approximation 
(GGA) to the exchange-correlation potential [ 33 ]  and scalar-
relativistic Goedecker pseudopotentials. [ 34 ]  The Kohn–Sham 
orbitals are expanded in a triple-zeta plus polarization Gauss-
ian-type basis set, whereas the charge density is expanded in 
plane waves with a cutoff of 300 Ry. The Brillouin zone is sam-
pled at the  Γ  point of the supercell. The time step for the simu-
lations is 2 fs. The density is fi xed at a value (0.0317 Å −3 ) lying 
between the experimental amorphous value (0.0300 Å −3 ) and 
the crystalline one (0.0328 Å −3 ). Simulations at fi xed density are 
relevant to phase-change memory cells, wherein the presence 
of a crystalline matrix constrains the volume available during 
recrystallization of the amorphous mark. 

 Metadynamics is an enhanced sampling technique that ena-
bles an effi cient exploration of the phase space and allows one 
to estimate the free energy changes in a molecular dynamics 
simulation. [ 30 ]  The method is based on the assumption that the 
process of interest can be characterized by a (small) set of collec-
tive variables (CVs) { ξ i  }  i   = 1,  d , which are functions of the atomic 
coordinates and describe the relevant degrees of freedom of the 
system. A history-dependent biasing potential  V  G  is added to the 
potential energy of the system during the MD run.  V  G  is a sum of 
Gaussians in the  d -dimensional space of the CVs. The Gaussians 
are centered at values s

iξ  taken at the time intervals  τ , 2 τ , 3 τ, …,<  t 
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  w  and  σ i   are the height and width of the Gaussians, which 
determine the accuracy and the effi ciency of the simulation.  

  3.     Results 

  3.1.     Growth of Crystalline Nuclei Generated 
Using Metadynamics 

 To create crystalline nuclei in the fi rst set of models, we exploit 
the ability of metadynamics to accelerate rare events by biasing 
the system and exploring the phase space along the chosen 
CVs. [ 30 ]  We employ the potential energy  U  and the bond order 
correlation parameter “dot-product” 4

dotq , [ 35 ]  averaged over a 
set of atoms within a predefi ned sphere, as CVs. Similar vari-
ables have been used in previous classical molecular dynamics 
studies of crystallization. [ 36 ]  The use of a local CV enables us 
to preselect the region where the nucleus will form during 
the metadynamics simulation (although, in principle, crystal-
lites may also form outside this region). It also helps to reduce 
spurious effects due to the periodic boundary conditions by 
favoring the formation of quasi-spherical nuclei. Further infor-
mation about the simulation parameters is provided in the Sup-
porting Information. 

 We succeed in generating several independent models con-
taining large crystalline clusters, consisting of 100–150 par-
ticles, which serve as a starting point for further unbiased 
growth simulations, three of which lead to crystallization of 
the models. These trajectories are used to calculate the growth 
velocity. Typical timescales for the generation of said nuclei are 
of the order of 100 ps. Unbiased simulations would require 
much longer simulation times to observe the stochastic forma-
tion of large (post-critical) nuclei. We do not determine the size 
of critical nuclei nor the energy barriers for nucleation: this is 
beyond the scope of this work. 

 In  Figure    1  , we show some snapshots of the crystalliza-
tion process of one of the models. The fi rst snapshot corre-
sponds to the starting time of the unbiased simulation. The 
three models start to grow from a quasi-spherical nucleus in 
all directions before meeting their periodic images along one 
or two directions. At the end of the growth process, relatively 
small noncrystalline regions can still be observed. Complete 
crystallization is not possible due to mismatch effects. We also 
use the 4

dotq  variable to distinguish between crystalline-like and 
amorphous-like particles during crystal growth. To estimate the 
growth velocity  v  g , we compute the total volume of the crystal-
line part  V  c  at each time step by summing up the volumes of 
the Voronoi  polyhedra [ 37 ]  around the crystalline-like atoms, as 
well as the total area of the interface between the amorphous 
and the crystalline phase (see Supporting Information). In 
 Figure    2  , the volume of the crystalline part and the growth 
velocity as a function of time are displayed. We obtain a growth 
velocity of 1.2 m s −1  by averaging over time and three models. 

     3.2.     Growth from a Planar Amorphous–Crystalline Interface 

 In order to gain a better understanding of the microscopic 
crystallization mechanisms, we also consider a set of models 
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 Figure 1.    Snapshots of the crystallization process of a 460-atom model containing a crystalline nucleus generated using metadynamics (upper panel) 
and of a 540-atom model containing a planar crystal–amorphous interface (lower panel). In the upper panels, only crystalline-like atoms (corresponding 
to 0.454

dotq > ) are shown. Te atoms are green, Sb atoms are yellow, and Ge atoms are blue.

 Figure 2.    Volume of the crystalline region  V  c  and crystal growth velocity  v  g  as a function of time for all the six models. The fi rst and second sets of 
models are denoted with “meta” and “rim,” respectively. Each set consists of three independent trajectories S1, S2, and S3. The growth velocities are 
calculated within the time windows indicated with thin lines. The average velocity and the standard deviation for each of the two sets are indicated 
with a dashed line and a shaded area.
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containing a simple planar amorphous–crystalline interface. 
Simulations of amorphous models inside a crystalline matrix 
have been recently carried out to study crystallization of GeTe [ 9 ]  
and Ag, In-doped Sb 2 Te (AIST). [ 10 ]  Here, we investigate crystal 
growth along the [111] direction of the cubic lattice, corre-
sponding to the [0001] direction of the hexagonal phase, and we 
carry out three independent simulations of crystallization. The 
cell size along [111] is such that it can contain 20 crystalline 
layers. Hence, the supercell can fully accommodate the hexag-
onal phase (where two layers out of 20 are “vacancy layers”) [ 27,29 ]  
but not the cubic rocksalt phase, which requires the number 
of layers being a multiple of 6. Moreover, the two layers we fi x 
during melting and quenching are disorder-free and consist 
of Te and Sb atoms, respectively. In spite of this, all the three 
models crystallize into the cubic phase (as shown in the Sup-
plementary Information), although, due to the mismatch, they 
do not crystallize completely. This fi nding is in line with pre-
vious experiments on crystallization of amorphous GST thin 
fi lms on the top of cubic and hexagonal crystalline GST. [ 38 ]  In 
these experiments, crystallization was shown to proceed mainly 
from the amorphous–crystalline interface and the recrystallized 
region near the interface was always found to be in the cubic 
phase, irrespective of the stacking of the underlying crystal. 

 First, we check whether the trajectories exhibit nucleation 
events. For this purpose, we monitor the evolution of 4

dotq  for 
each atom. No such event is observed. This leads to the impor-
tant conclusion that, for such small sizes of the amorphous 
mark, crystallization of GST is dominated by growth from the 
rim. Figure  1  displays some snapshots of the crystallization tra-
jectory of one of the models. To elucidate the properties of the 
amorphous–crystalline interface, we divide the supercell into 
slabs along the direction of growth (assumed to be parallel to 
 z ) and calculate the profi les of 4

dotQ  (where 4
dotQ  denotes the 

average of 4
dotq  over a set of atoms) and of the  D  coeffi cients 

along  z ,  D z  .  Figure    3   shows the 4
dotQ  and  D z   profi les, averaged 

over the three samples. The interface is the region where 4
dotQ  

increases from ≈0.1 (glass) to the ≈0.9 (crystal) (see also the 
Supplementary Information). It extends over two to four layers 
(5–7 Å). The profi les of  D z   turn out to be as sharp as those of 

4
dotQ , as occurs in AIST. [ 10 ]  The relatively strong fl uctuations 

of  D z   in the amorphous region are due to poor averaging, i.e., 
to the small number of particles in each slab. The value of  D z   
averaged over all the slabs in the amorphous region compares 
well with the bulk value (1.6 × 10 −10  m 2  s −1 ), which we obtained 
from independent calculations of the mean squared displace-
ments (on a 80 ps time scale) in a completely amorphous 
model of GST. 

  Having assessed that crystal growth occurs solely at the 
interface, we can extract  v  g  from the trajectories. The growth 
velocity is estimated in the same manner as for the fi rst set of 
models. The corresponding average value of v g  is of the order 
of 1 m s −1  (see Figure 2). Hence, the two sets of simulations 
yield growth velocity values in very good agreement with each 
other. We also check the results using a more straightforward 
approach, wherein  v  g  is computed from the ratio  LN  c ( t )/(2 Nt ), 
where  N  c ( t ) and  N  are the number of crystalline-like particles 
at time  t  and the total number of particles, respectively, and  L  
is the length (along the growth direction) of a supercell which 
accommodates a fully crystallized model of cubic GST. The 

second approach yields an average growth velocity of 1.4 m s −1 . 
The deviation stems from the fact that the Voronoi method 
gives larger interface areas and thus lower velocities. 

 We also compute the deposition rate  k  + , defi ned as the rate 
at which atoms impinge on the interface, and the sticking coef-
fi cient  S , defi ned as the probability for an atom impinging 
on the interface to become part of the crystal.  k  +  is given by 
the number of ‘‘impinging events” per unit time, whereas the 
sticking coeffi cient is computed as  S  = ( n  i  −  n  e )/ n  i , where  n  i  and 
 n  e  indicate the total number of impinging and escaping events, 
respectively.  v  g  is proportional to the product of  k  +  and  S : 
 v  g  =  λk  + · S , where  λ  is a length of the order of the diffusional 
jump distance. To compute these quantities, we use the same 
method as in ref.  [ 10 ] . The values of  k  +  and  S  calculated by 
averaging over the three trajectories are 0.05 ps −1  and 0.21, 
respectively. Such large values explain the high growth velocity 
of GST. High deposition rates stem from the large bulk diffu-
sion coeffi cients (1.6 × 10 −10  m 2  s −1 ) and the presence of a thin 
amorphous–crystalline interface. The large sticking coeffi cients 
are instead due to the pronounced supercooling and the conse-
quent large driving force (i.e., the large difference between the 
chemical potential of the crystalline and amorphous state). 

 Although fast, the growth velocity of GST is almost one 
order of magnitude lower than that of AIST at similar tempera-
ture. [ 10 ]  The reason for this behavior is twofold: a) the atomic 
diffusivities in GST are smaller than in AIST (1.6 × 10 −10  m 2  s −1  
vs 4.9 × 10 −10  m 2  s −1 ) [ 10 ]  and b) the sticking coeffi cients of 
GST are also smaller with respect to AIST (0.2 vs 0.38). [ 10 ]  The 
latter point may be related to the fact that AIST crystallizes 
into an extremely disordered phase, wherein all the layers are 
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 Figure 3.    Profi le of 4
dotQ  (upper panel) and of the diffusion coeffi cient 

 D z   (lower panel) along the direction of growth  z  for the second set of 
models at the initial stages of the crystallization process. The profi le of  D z   
is derived from the mean-square displacements in the  z -direction, which 
are calculated by averaging over the atoms in each slab and over time 
(50 ps). The two profi les are obtained by averaging over the three models.
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characterized by a large amount of compositional Sb/Te dis-
order. On the other hand, recrystallized GST consists of alter-
nating cation Ge/Sb layers and anion Te layers: the former 
contain randomly arranged Ge and Sb atoms and vacancies, 
whereas the latter exhibit small chemical disorder (see the next 
section).  

  3.3.     Structural Properties of the Amorphous 
and Recrystallized Phase 

 The recrystallized cubic models contain a large number of 
defects, which include vacancies and compositional disorder. 
As regards the latter, we do not only observe a random distri-
bution of Ge and Sb atoms on the cation sublattice but also a 
small fraction (of order 3%) of antisite Te defects (i.e., Te atoms 
at Ge/Sb sublattice sites), in agreement with previous simula-
tions. [ 25,26 ]  As a consequence, some Te–Te bonds are also pre-
sent in our models. 

 In recent DFT work, [ 29 ]  we have shown that, in strongly disor-
dered cubic GST, the presence of vacancy clusters (i.e., regions 
having a vacancy concentration much higher than the average 
value) leads to the formation of localized electronic states at the 
Fermi level  E  F  and, thus, insulating behavior. Vacancy clusters 
are energetically unfavorable; [ 29 ]  however, it is plausible that 

they form during rapid crystallization of the amorphous phase. 
Although the present models of GST are too small to directly 
observe electron localization at  E  F , it is interesting to analyze 
the distribution of vacancies in these models to assess whether 
vacancy clusters are indeed present after crystallization. It is 
also useful to study the arrangement of cavities in the amor-
phous phase and their evolution along the crystallization tra-
jectories to shed light on the role they play during the growth 
process. [ 24,25 ]  

 We use the Voronoi S-network generated by the VNP code [ 39 ]  
to compute the concentration of voids and their distribution 
in both crystalline and amorphous states. Such an approach 
is well suited to the analysis of the structurally complex amor-
phous network. We employ a probe sphere size of  R  p  = 1.3 Å. 
The distribution of cavities for two models, before and after 
crystallization, is shown in  Figure    4  . We defi ne the cavity vol-
umes to be simple Delaunay simplices, as discussed in the Sup-
porting Information. Because of the different defi nitions and 
set of parameters, the absolute values obtained for the cavity 
volumes cannot be directly compared with the results from pre-
vious studies. [ 18,25 ]  The total volume of the cavities takes values 
of 4%–6% in the initial amorphous models containing a crystal-
line layer or nucleus. The cavity size distribution shows a broad 
range of small ( V  < 25 Å 3 ) and large ( V  > 30 Å 3 ) cavities and a 
peak in the range of 25–30 Å 3  corresponding to the size of a 
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 Figure 4.    Cavity and vacancy distribution at the initial (left panels) and fi nal (middle panels) stages of crystallization for a model of set 1 (upper panels) 
and 2 (lower panels). The right panels show histograms of the number of nearest neighbor vacancies  N  vac  of the Te atoms in the two recrystallized 
models.
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single vacancy. The total cavity volume increases linearly during 
the crystallization and the fi nal values are 6%–9%, depending 
on the degree of crystallization. Notice again that the fi nal 
crystalline structures in both simulation sets contain small 
disordered regions, which cannot crystallize due to mismatch 
effects. The increase in the total cavity volume upon crystalliza-
tion might stem from the fact that the volume of the cell was 
fi xed during the simulations. 

  The localized wave functions near  E  F  of insulating models 
of crystalline GST have been shown to consist mainly of the p 
orbitals of Te atoms with 3 (Te 3v ) and 4 (Te 4v ) nearest neighbor 
vacancies. [ 29 ]  Both confi gurations are present in our recrystal-
lized models, as shown in Figure  4 . In particular, the amount 
of Te 3v  atoms is quite signifi cant, of order 6%. We also fi nd 
that confi gurations containing vacancies on opposite sides of a 
Te atom are relatively rare: in the case of Te atoms with two 
and three neighboring vacancies, the occurrence of such con-
fi gurations is about 4% and 8%, respectively. In summary, both 
sets of simulations indicate that, in the recrystallized models, 
vacancies are randomly distributed on one sublattice and form 
a few large clusters (see the Supplementary Information). It is 
important to stress that further annealing of the recrystallized 
models at 600 K on longer time scales (currently not accessible 
by AIMD simulations) should lead to the ordering of vacancies 
and to the transition to the hexagonal phase. [ 28 ]  In agreement 
with refs.  [ 25,26 ] , we do not observe the formation of vacancy-
free crystallites, which was previously reported. [ 24 ]    

  4.     Discussion and Conclusions 

 The growth velocity of GST was also estimated to be of the 
order of 1 m s −1  at 600 K in the literature. [ 26 ]  Since, in the 
latter work, no structural constraints nor bias potentials were 
employed, very long simulations had to be carried out to 
observe the formation of post-critical nuclei and the subsequent 
crystallization of the models. Metadynamics has enabled us to 
overcome this problem. In principle, this method also allows 
one to reconstruct the exact (coarse-grained) free energy surface 
of the system. [ 40 ]  Nevertheless, long simulations are generally 
required to obtain converged values of this quantity. This fact, 
together with the need to use large models to describe crystal-
lization processes, makes it challenging to determine the free 
energy barrier for nucleation using ab initio methods. 

 Our computed growth velocities are compatible with experi-
mental estimates obtained from ultrafast differential scan-
ning calorimetry measurements of the as-deposited amor-
phous state. [ 4 ]  In another study, [ 6 ]  the growth velocity of melt-
quenched, doped GST was measured in the temperature range 
between 353 K and 543 K, using phase-change memory cells. [ 6 ]  
From their measurements, a velocity of about 0.1 m s −1  was 
extrapolated for  T  = 600 K. This value is smaller than the one 
yielded by our simulations. However, the extrapolated value 
depends sensitively on the parameters and the type of model 
used (due to the fragile behavior of GST, the growth velocity 
does not follow the Arrhenius law). Furthermore, doping 
can signifi cantly alter the crystallization properties of PCMs 
. Although the nature of the dopant is not mentioned in the 
paper, doping of GST is usually done to further stabilize the 

amorphous state at low temperature, and typically results in 
slower crystallization at high temperature. [ 41,42 ]  Finally, we 
should mention that fi nite size effects could lead to an overes-
timation of the growth velocity in our simulations. We believe 
this effect is rather small. Nevertheless, this point deserves fur-
ther investigation. 

 In conclusion, our AIMD simulations have enabled us to 
compute the high temperature (600 K) growth velocity of GST 
adequately and effi ciently. We have circumvented the (compu-
tationally demanding) problem of simulating the stochastic 
processes of nucleation by a) using the metadynamics method 
to accelerate the formation of sizable nuclei and b) considering 
amorphous models inside a crystalline matrix, so that crystal-
lization occurs via growth from the interface. The growth veloc-
ities obtained, of the order of 1 m s −1 , are in fair agreement 
with previous experimental work. Our simulations also provide 
evidence that, upon fast crystallization from the amorphous 
phase on a subnanosecond time scale, a disordered cubic phase 
is formed, in which the distribution of vacancies, Ge and Sb 
atoms appears to be uncorrelated.  
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