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ABSTRACT

Phase change materials are exploited in non-volatile electronic memories and photonic devices that rely on a fast and reversible transforma-
tion between the amorphous and crystalline phases upon heating. Recrystallization of the amorphous phase under the operation conditions of
the memories occurs in the supercooled liquid phase above the glass transition temperature T'g. The dynamics of the supercooled liquid is thus
of great relevance for the operation of the devices and, close to T'g, also for the structural relaxations of the glass that affect the performances of
the memories. Information on the atomic dynamics is provided by the diffusion coefficient (D) and by the viscosity (#), which are, however,
both difficult to be measured experimentally under the operation conditions of the devices due to fast crystallization. In this work, we leverage
a machine learning interatomic potential for the flagship phase change compound Ge;Sb,Tes to compute #, D, and the a-relaxation time in a
wide temperature range from 1200 K to about 100 K above T',. Large-scale molecular dynamics simulations allowed quantifying the fragility
of the liquid and the occurrence of a breakdown of the Stokes-Einstein relation between # and D in the supercooled phase. Isoconfigura-
tional analysis provided a visualization of the emergence of dynamical heterogeneities responsible for the breakdown of the Stokes-Einstein
relation. The analysis revealed that the regions of most mobile atoms are related to the presence of Ge atoms with particular local
environments.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0282855

I. INTRODUCTION operation or modulation of the size of the amorphous region in

the reset operation can also be exploited to implement analogical

L1:9€:60 SZ0Z JoqUIaNON 1

Phase change materials such as the flagship compound
Ge,Sb,Tes (GST) are exploited in nonvolatile data storage thanks
to their ability to undergo a rapid and reversible transformation
between the crystalline and amorphous phases upon heating.' ™
The large difference in electrical properties between the two phases
allows encoding a binary information that can be read by the mea-
surement either of the optical reflectivity in optical media (DVDs
and Blu-rays disks) or of the electrical resistivity in the elec-
tronic phase change memories (PCMs). The phase transformation
is induced by laser radiation in the optical disks and by Joule heat-
ing via current pulses in PCMs. Partial recrystallization in the set

resistance states for applications in in-memory and neuromorphic
computing.”

A key functional property for these applications is the ability
of GST to undergo a rapid crystallization (10-100 ns) in the super-
cooled liquid phase around 550-700 K and at the same time to be
highly stable in the amorphous phase just below the glass transition
temperature Ty (473 K from the most recent work’) to guaran-
tee data retention. This feature is made possible by the fragility of
the supercooled liquid, which leads to a huge change in the atomic
mobility (self-diffusion coefficient D) in a relatively narrow tem-
perature range above Tg. According to the taxonomy introduced
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by Angell,® supercooled liquids are classified as strong or fragile
on the basis of the temperature dependence of their viscosity #. By
definition, a strong liquid displays Arrhenius behavior of # from
the melting temperature T», down to T. In contrast, a fragile lig-
uid features a super-Arrhenius behavior of #, which keeps very
low from T,, down to low temperatures where a steep rise is then
observed to reach the high value of 10'* Pa s expected at T,." The
degree of fragility is quantified by the fragility index m defined by
m = d(log,,11)/d(Tg/T)|r=1,, which measures the slope of # as
a function of Tg/T evaluated at the glass transition tempera-
ture. Due to the Stokes-Einstein relation (SER) between # and D
[ = ks T/(6nRD), where R is the average van der Waals radius], in
the fragile liquid the super-Arrhenius behavior is also observed in
the diffusion coefficient D. In turns, D enters as a kinetic prefactor
both in the crystal growth velocity v, oc D(1 —exp (-Au/(ksT)),
where Ay is the thermodynamical driving force for the crystalliza-
tion corresponding to the difference in the free energy between
the liquid and the crystal, and in the crystal nucleation rate
Is o< Dexp(—G./(kgT)), where G is the free energy of formation
of the overcritical crystal nucleus, which also depends on Ay as
G, = 16710° [ (3p>Au*) within classical nucleation theory,” where o
is the crystal-liquid interface energy and p is the crystal density.
Ay is zero at T, and increases by decreasing temperature favor-
ing crystallization at high supercooling. In a fragile liquid, D keeps
high down to temperature close to Ty, which allows having both
a high kinetic prefactor and a high thermodynamical driving force
for nucleation and growth. On the other hand, high fragility is also
responsible for larger structural relaxations below T,,'” which leads
to a drift in electrical resistance with time.'" This drift is detrimen-
tal for the operation of the devices, especially for neuromorphic
applications for which several different resistance levels must be
resolved over time. This problem can be mitigated by a suitable
design of the cell architecture.'” Anyway, it would be desirable for a
phase change material to feature a fragile-to-strong crossover (FSC)
at temperature Ty below which the system becomes strong. Ide-
ally, Ty, should be sufficiently close to T, to still guarantee a high
D down to low temperatures to speed up the crystallization rate, but
at the same time also to limit structural relaxations in the amorphous
phase.

The fast crystallization enabled by the high fragility, however,
brings some hindrances to the experimental measurements of 7 itself
and then to the assessment of the presence of a FSC."”"” Exper-
imental information on the viscosity was obtained only indirectly
from the crystal growth velocity inferred from ultrafast differential
scanning calorimetry (DSC). The first ultrafast DSC measurement
on thin film yielded a fragility index m ~ 90 and T, = 383 K,'°
while more recent measurements yielded much lower values rang-
ing from 40 for thin films'” to 57-62 for nanoparticles incorporating
H, or CH,4.'® A different experimental technique based on mechan-
ical analysis of thin films also yielded m = 47."” The low values of
m were ascribed to a FSC at Tz = T,/0.85 from the analysis of
nanoparticles in Ref. 18, and more recently also in thin films where
a T, value as large as 683 K was inferred from DSC.* A more
recent DSC work has shown,” however, that crystallization takes
place in the amorphous phase at low heating rates and in the super-
cooled liquid at high heating rates. Only at the highest heating rates
was the endothermic peak at Ty disentangled from the exothermic
peak due to crystallization. This analysis yielded a T’y value of about
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473 K,” which is higher than the values previously used for T, that
was usually identified with the crystallization temperature. There-
fore, as discussed in Ref. 13, deriving viscosity from crystallization
rate is not straightforward, which still raises some uncertainties on
the evaluation of m and T g in GST.

On the other hand, molecular dynamics (MD) simulations rep-
resent an alternative tool to explore the dynamics of supercooled
liquids, which can provide an independent evaluation of viscosity,
diffusion coefficient, and crystal growth velocities to establish a cor-
relation among these quantities.””' Simulations based on density
functional theory (DFT) have been performed at high temperatures
in the liquid above T,,,”>*" or in the supercooled phase down to
820 K,”* to compute # from D and the application of SER or from the
relaxation time 7, obtained from the intermediate scattering func-
tion (ISF) (see Sec. II) and the application of the Maxwell relation
(7 = GooTa).”* At low temperatures, however, a breakdown of SER
is usually expected in a fragile supercooled liquid, which prevents
the use of D to estimate #, and on the other hand, limitations in
the simulation time prevent to compute directly # or 7, from DFT-
MD. In this respect, we remark that a breakdown of SER was not
only inferred experimentally from DSC below T,,'° but also above
Ty from quasi-elastic neutron scattering.””

The limitations of DFT-MD can be overcome by exploiting
machine learning techniques that have opened a new avenue in the
modeling of materials by providing interatomic potentials for large-
scale MD simulations from the fitting of a DFT database of energies
and forces.”*® Concerning phase change materials, a machine-
learned interatomic potential (MLIP) based on the neural network
(NN) method of Ref. 26 was developed for GeTe in 2012, and
then applied to compute the crystal growth velocity,”””" the viscos-
ity from the Green-Kubo relation (see Sec. 11),””* and to assess
the presence of dynamical heterogeneity (DH) responsible for the
breakdown of SER.* More recently, MLIPs for Ge,Sb, Tes have been
developed as well.”**

In this work, we exploit the MLIP for Ge,Sb, Tes, that we devel-
oped in Ref. 36 by using the NN scheme of the DeepMD code™ '
to study the viscosity, the breakdown of SER, and the emergence of
dynamical heterogeneities in the supercooled liquid down to 550 K.

Il. COMPUTATIONAL DETAILS

Molecular dynamics simulations were performed by using
the MLIP for GST developed in our previous work’ by using
the DeePMD package.”” "' The NN was trained on a DFT
database of energies and forces of about 180000 configurations
of small supercells (57-108 atoms) computed by employing the
Perdew-Burke-Ernzerhof (PBE) exchange and correlation func-
tional** and norm conserving pseudopotentials.*’ The potential was
validated on the structural and dynamical properties of the liquid,
amorphous, and crystalline phases and it was exploited to study the
crystallization kinetics in the bulk,”® in heterostructures,** and in
a multimillion-atom model of a PCM cell.** MD simulations were
performed with the DeePMD code by using the Lammps code as
MD driver,*° a time step of 2 fs, and a Nosé-Hoover thermostat.*”**
In the present simulations, we added van der Waals (vdW) inter-
actions that were shown to bring DFT results on viscosity above
T (from D and SER) to a closer agreement with experiment in
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GST?? and GeTe.”” Here, we use the Grimme (D2) vdW correc-
tion.”” We also remark that the addition of vdW-D2 corrections
brings the theoretical crystal growth velocities of GST very close to
the experimental DSC data, as shown in our previous work.** Simu-
lations were performed with a 3996-atom cubic supercell at different
temperatures. Since the experimental density of the amorphous
phase at 300 K (p = 0.0309 atom/A*)"" is very close to the experi-
mental density of the liquid at T}, (0.030 75 atom/ A% at 873 K),2* we
performed simulations in the supercooled liquid at a fixed density of
p=0.03075 atom/A3. Above T, we performed two sets of simula-
tions, one at the same fixed density of p = 0.03075 atom/A>, and a
second by adjusting the density with temperature according to the
experimental data in Ref. 22. We remark that the theoretical melting
temperature estimated with the phase coexistence method in Ref. 36
in NN+vdW simulations is 940 K.

We considered six temperatures above T, namely, 950-1000-
1050-1100-1150-1200, and 14 temperatures below T, namely, 900-
850-800-750-700-675-650-625-600-590-580-570-560-550. The sys-
tem was initially equilibrated at 900 K for 40 ps and then quenched
in 150 ps to the target temperature. Then, NVT simulations lasting
from 6.6 to 13.2 ns each have been performed to compute the vis-
cosity. We also performed simulations at constant energy (NVE) to
compute the diffusion coefficient. A synoptic table of all simulations
performed is shown in Table SI in the supplementary material.

We computed the incoherent (self) intermediate scattering
function (ISF) Fi(g,t) and the coherent (distinct) ISF F4(g,t)
defined by™

F(g) = (@.(0.0) W
o.(g.1) - ;]i exp (i [F(6) -+ )]h @)
Fulat) = (@u(a.0) o)
0ua) = 3 e - (le) A0

where the sum runs over the N atoms at positions 7; and 7 at
different times. The average (- - -) is over the initial times t,. We aver-
aged over an equal number of initial times ¢, for all times ¢ to have
the same statistical accuracy at all times. Since in a liquid, F(g,t)
depends only on the modulus g of g, we also averaged over six direc-
tions of . We computed F(q,t) and Fy(q,t) at g = g, = 2 A™',
which corresponds to the position of the main peak of the static
structure factor measured experimentally in Ref. 22. Fi(q,,t) was
computed from NVT and also NVE simulations (see Table SI in the
supplementary material).

The viscosity # has been computed by means of the
Green-Kubo formula®® in NVT simulations,

t
7= lim l] (G (¢ + )0y (10))dE' = limn(1),  (5)
t—oo kB T Jo t—o0
where V is the supercell volume, T is the temperature, and oy is
the off-diagonal component of the stress tensor. The average (- - -) is
over the initial times #,. We also took an average over the three off-
diagonal components xy, xz, and yz. In practice, 7 is evaluated from a
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plateau in the value of #(t) at intermediate times, as at longer times,
problems in convergence arise due to accumulation of noise.” We
choose a maximum #max to evaluate #(t) equal to twice the time at
which the correlation function (g, (¢ + t,)0xy(f0)) goes to zero. We
checked that our estimates of # change by at most 5% by doubling
fmax at all temperatures. We performed block averages by first aver-
aging over t, in (0xy(f + £)0x(t,)) in blocks with time length of
2fmax. We then obtain the average () resulting from Eq. (5) and its
mean square errors by averaging over blocks (from 500 at high tem-
peratures to about 20 at the lowest temperatures). The convergence
of 7(tmax) as a function of the number of blocks is shown in Fig.
S1in the supplementary material. At the lowest temperatures when
the convergence with the number of blocks is slower, we averaged
over blocks from different independent simulations to avoid crys-
tal nucleation that invariably occurs on very long times below T,.
The formation of crystalline nuclei was monitored by computing the
local order parameter for crystallinity Qi',”** which we considered
in our previous work on GST.’® Obviously, only trajectories before
crystal nucleation were used for the evaluation of #.

I1l. RESULTS
A. Diffusion coefficient

We first computed the diffusion coefficient D from the average
mean squared displacement (rz(t)) (MSD) and the Einstein relation
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FIG. 1. (a) Mean square displacement (MSD) as a function of time at different
temperatures (K) from NVE simulations. (b) Diffusion coefficient D as a function of
temperature obtained from the MSD and the Einstein relation (see the text) from
simulations at density fixed to the experimental density at Ty, (blue dots) and at
the experimental temperature-dependent densities above T, (red dots).
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lim¢ oo (rz(t)> = 6Dt in NVE simulations at different temperatures
(see Table SI in the supplementary material). D is obtained from
the linear slope at long times of the MSD, as shown in Fig. 1(a).
The resulting diffusion coefficient as a function of temperatures is
shown in Fig. 1(b). A high degree of fragility, to be quantified later,
is already apparent from the non-Arrhenius behavior of the diffu-
sion coefficient in Fig. 1(b). The addition of the vdW interaction to
our NN potential leads to a reduction of D up to a factor of about five
at 550 K with respect to NN (PBE) simulations, as it was discussed
in our previous work.** The comparison with previous DFT calcula-
tions of D in the literature”**”” was discussed in Ref. 36. Note that
below 590 K, the points shown in Fig. 1(b) appear to be aligned on
a straight line, suggesting the presence of a FSC. We will comment
on this issue in Sec. I1I C when discussing our results on viscosity.
The diffusion coefficient for the different species as a function of
temperature is shown in Fig. S2 in the supplementary material.

B. Intermediate scattering function
and relaxation times

The incoherent intermediate scattering function Fs(q ' t) (ISF,
see Sec. II) from NVT simulations at different temperatures is
shown in Fig. 2. At lower temperatures, Fi(q,,t) displays a two-
step decay with a plateau at intermediate times that becomes more

(@ 1 1200 ——
1150 ——
1100 ——
0.8} 11050 ——
1000 ——
950 ——
0.6 E
“ 04}
0.2F
0 [ i i
0.1 1
Time (ps)
(b) 1 900
850
800 —
0.8} 1750
700
675
0.6 1650
= 625
) 600
0.4F A\ 1590 ——
580 ——
570 ——
0.2 o N 560 —
550 ——
0 [ A ) )
0.1 1 10 100 1000
Time (ps)

FIG. 2. Incoherent intermediate scattering function Fs(q,, t) as a function of time
at different temperatures (a) above T, and (b) below Ty, from NVT simulations.
We chose g, = 2 A=" that corresponds to the main peak in the experimental
static structure factor (see the text). The horizontal line indicates the condition
Fs(q,.t) = 1/e.
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FIG. 3. KWW exponent 3 (see the text) obtained from the fitting of the ISF of
Fig. 2 as a function of temperature, from simulations at density fixed to the experi-
mental density at T, (blue dots), and at the experimental temperature-dependent
densities above Ty, (red dots).

evident by approaching T. The relaxation toward the plateau is
known as S-relaxation, while the decay to zero at longer times after
the plateau is called a-relaxation.”® The characteristic time of the
a-relaxation, 7,, can be defined by fitting the ISF at long times
with the Kohlrausch-Williams-Watts (KWW)™" stretched expo-

nential function Fs(qo,t) ~ e_(i)ﬂ. For temperatures that are not
too low, a similar estimate of 7, is obtained by the simple condition
Fi(q,.t) = 1/e, as shown in Fig. 3 in the supplementary material.
We note that we chose g, = 2 A™! that corresponds to the main
peak in the experimental static structure factor to measure the relax-
ation time at the main structural length scale. The relaxation time
is in fact dependent on g, as shown for three representative tem-
peratures in Fig. $4 in the supplementary material. The KWW fit
of F(q,,t) is shown in Fig. S5 in the supplementary material. The
resulting KWW exponent f3 as a function of temperature is shown in
Fig. 3. The fitting of F;(q,, t) resolved for the different species yields
a coefficient f that are within the error bars of the value obtained
from the total ISF. The relaxation time 7, obtained from the KWW
fit is shown in Figs. 4(a) and 4(b) for temperatures below and above
Twm (see Fig. S6 in the supplementary material for 7, resolved for
the different species). Previous results from DFT-MD simulations at
high temperatures’* are also shown in Fig. 4(a). Experimentally, the
relaxation time was measured above T, from quasi-elastic neutron
scattering at ¢, = 2 A~', which is dominated by coherent scatter-
ing.”> The experimental relaxation times must then be compared
to the coherent relaxation time 7" obtained from the coherent
(distinct) ISF F4(q,,t) (see Fig. S7 in the supplementary material).

cohe

The resulting 7, obtained from the condition Fy(q,,t) =1/e
(as usual, at long times F; is more noisy than F;) for tem-
peratures above T, are compared to experimental data shown
in Fig. 4(c).

The temperature dependence of 7, already shows a high degree
of fragility that will be discussed in Sec. IIT C in connection with
the calculation of the viscosity. A nearly linear slope is, however,
observed at the lowest temperatures, which mirrors the behavior of
D shown in Fig. 1(b) that will be discussed in Sec. III C. We note
that when averaged over simulations of the same length, the F(q,, t)
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FIG. 4. Relaxation time ,, as a function of temperature (a) above T, and (b) below T. Previous theoretical results from DFT-MD simulations?* are shown in panels (a)
and (b). (c) The coherent relaxation times 75" obtained from Fq(q,,t) at T > Ty (see Fig. S7 in the supplementary material) are compared to experimental data (black
dots) from quasi-elastic neutron scattering of Ref. 25. The theoretical data refer to simulations at density fixed to the experimental density at T, (blue dots) and at the

experimental temperature-dependent densities above T, (red dots).

functions obtained from NVT or NVE simulations at the same tem-
peratures are indistinguishable (see Fig. S8 in the supplementary
material.).

C. Viscosity and fragility

The viscosity #(t) as a function of the integration time ¢ in
the GK formula Eq. (5) is shown in Fig. 5 at different tempera-
tures from NVT simulations. The averaging procedure to compute
the viscosity is described in Sec. II. The self-correlation func-
tion (oxy(t + to)0x(to)) entering in the GK integral is shown in
Fig. S9 in the supplementary material for a few representative tem-
peratures. Our estimates for # at different temperatures extracted
from the plateaus of Fig. 5 are reported as an Angell plot in Fig. 6
(also see Table SI in the supplementary material). As described
in Sec. II, we also repeated the calculation of # for T > T,, at
the experimental densities. Below T}, the density was always kept
fixed because the experimental densities of the liquid at T,, and of
the amorphous phase at 300 K are very similar (see Sec. II). This
new dataset at high temperatures are also collected in Fig. 6 (also
see Table SI in the supplementary material). Comparison with the
experimental data at high temperature from Ref. 22 is given in the
inset of Fig. 5. The theoretical results are only slightly higher than

the experimental values in the whole temperature range above melt-
ing. We mention that very recently the viscosity of GST in the liquid
and supercooled liquid phase down to about 650 K has been com-
puted by using an atomic cluster expansion (ACE) machine learning
interatomic potential.”® The resulting viscosity is, however, a fac-
tor two lower than in experiments*’ at the experimental melting
temperature (1.0 vs 2.01 mPa s).

It turns out that the Maxwell relation between the viscosity
and the a-relaxation time (1§ = Goo7«) holds reasonably well in the
whole temperature range with Geo = 2.9 GPa and with a larger
deviation only at the two lowest temperatures investigated here, as
shown in Fig. 7. The relaxation time of the intermediate scatter-
ing function is used here as a good proxy for the relaxation time
of the time-dependent shear modulus.”® We mention that previous
DFT simulations (PBE+D2)** yielded a slightly larger Goo equal to
3.4 GPa in the temperature range 820-1800 K from the calculation
of D and the application of SER and from the ISF calculation of
74. The theoretical temperature-dependent Goo (1) = #(T)/74(T) is
shown in the inset of Fig. 7(a). Experimentally, a mild temperature
dependence of Goo (T) ranging from 2.8 to 3.1 GPa was observed by
decreasing temperature from 1200 to 930 K. Goo (T') was obtained
from the coherent relaxation times measured by quasi-elastic

neutron scattering.”> The experimental temperature-dependent
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FIG. 5. (a)-(c) Viscosity #(t) as a function of the integration time ¢ in the GK formula [Eq. (5)] in the three different temperature ranges. The horizontal lines represent the
averages of (t) over the plateau that gives our estimate of the viscosity 7. The data refer to simulations at density fixed to the experimental density at T,.
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FIG. 6. Angell plot for viscosity # as a function of inverse temperature. The blue
dots refer to simulations with the density fixed at the experimental density at T,
(see Sec. Il), while the red dots refer to simulations at the experimental density
for T > Tp from Ref. 22. The error bars on # are estimated from the block aver-
ages (see Sec. Il). As a further quantification of the uncertainties in the viscosity,
see Fig. S10 in the supplementary material for the dependence of the results on
the maximum time tmax used in the evaluation of # (see Sec. Il). The continuous
line is the fitting with @ MYEGA function (see the text). The comparison with the
experimental data at high temperature from Ref. 22 is shown in the inset.
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FIG. 7. (a) Viscosity as a function of the relaxation time z,, (from the ISF). The
data refer to simulations at density fixed to the experimental density at T, (blue
dots) and at the experimental temperature-dependent densities above T (red
dots). The linear fit of the Maxwell relation # = Goo 7o (continuous line) yields
Goo = 2.9 GPa for both sets of simulations. The temperature-dependent Goo (T)
=n(T)/7«(T) (blue dots) is shown in the inset. (b) The theoretical temperature-
dependent Goo (T) = 1(T) /75" (T)) obtained from the coherent relaxation times
%% are compared to experimental data from Ref. 25 (black dots).
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Goo(T) is then compared in Fig. 7(b) with the theoretical ratio
Goo(T) = 7(T) /7" (T) obtained from the coherent relaxation
times 75°". The Maxwell relation was shown to also hold in GeTe
from NN-MD simulations in the range 520-1000 K (T, = 990 K)**
and from experimental data in the range 850-1150 K.*

Coming back to the temperature dependence of 7, we fitted
our results with the Mauro-Yue-Ellison-Gupta-Allan (MYEGA)
function,®’

T,
log,,(T) =logy1eo + (12 —log (o0 ) - ?g

m T,
e [( 12 - log, 1o _1)(?_ )j|’ ©

with 7 in Pa s. The MYEGA function contains explicitly as fit-
ting parameters the glass transition temperature T, [5(Tg) = 10"
Pa s]), the fragility index m, and the extrapolation of the viscosity
at infinite temperature 7__. The best fit MYEGA function shown
in Fig. 6 yields Ty = 391 K, m = 94, and logio#,, = -3.02, or
Te = 392 K, m = 93, and logio 77, = -2.99 by fitting the data at
fixed volume (blue dots in Fig. 6). Our results are remarkably close
to the DSC values of Ty, = 383 K and m ~ 90 from Ref. 16. This
comparison needs, however, some comments. In the analysis of Ref.
16, the kinetic prefactor (uy;,) of the crystal growth velocities was
inferred from the DSC traces for T < 650 K. u;, was assumed to be

proportional to the diffusion coefficient and then the viscosity was

related to uy, via a fractional Stokes-Einstein relation uy;, o< 11_5.

The proportionality constant and the exponent ¢ were obtained
in turn by setting # at Ty, to the value estimated from ab initio
MD simulations” and 7(Tg) = 10'* Pa s, where T, was identified
with the crystallization temperature. This fitting yields & = 0.64. As
we will see in Sec. III D, the exponent ¢ that best fit our data is
& = 0.84. Therefore, our data are only partially consistent with those
of Ref. 16. Moreover, as we have already mentioned, a recent DSC
work’ has shown that crystallization takes place in the amorphous
phase for low heating rates, and only high heating rates allow identi-
fying a T of about 473 K from the endothermic peak. To reconcile
our results with a Ty value of about 473 K, we must rely on some
deviation with a sharp bend from a single MYEGA function for
temperatures below 550 K. However, our results are unambiguously
inconsistent with the fragile-to-strong crossover at the high temper-
ature of T, = 683 K proposed in Ref. 20. By inspection of the Angell
plot shown in Fig. 6, our data between 600 and 550 K might look
on a straight line, i.e., displaying a strong Arrhenius behavior, which
mirrors the behavior of the diffusion coefficient in Fig. 1(b) and the
relaxation time in Fig. 4(b). This temperature range is, however, too
narrow, and the extrapolation of the Arrhenius function that fits the
data in the 600-550 K range would assign an unphysical T, below
300K [from (T, ) = 10'* Pass]. Still, if we accept a strong behavior in
the region 600-550 K, we must assume that another crossover with a
larger slope would occur at lower temperature. As mentioned above,
a deviation with a sharp bend from a single MYEGA function is
needed to reconcile our data with the experimental T, of 473 K. We
remark that our MYEGA fitting is indistinguishable from the fitting
by a generalized MYEGA® with a double exponential expression
and five parameters, often used to reproduce a FSC. For the gen-
eralized MYEGA form, only a single exponential term contributes
significantly to our fitting.

J. Chem. Phys. 163, 154501 (2025); doi: 10.1063/5.0282855
© Author(s) 2025

163, 154501-6

L1:9€:60 SZ0Z JoqUIaNON 1


https://pubs.aip.org/aip/jcp
https://doi.org/10.60893/figshare.jcp.c.8050606

The Journal
of Chemical Physics

E
o é{»i
3.5 ﬁ§

2.5

C,/atom/kg

i |
’ +H +%

heating —@—  cooling —@— J

300 400 500 600

700 800 900 1000 1100

Temperature (K)
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model (with vdW, from Ref. 36). The density is fixed to p = 0.030 75 atom/A®.

We might wonder whether our calculations underestimate
n at low temperature because the system goes out of equilibrium
by approaching T,. We note that we computed # by quenching
from 900 K in 150 ps and then equilibrating the system at the target
temperatures for 6.6-13.2 ns. We check this issue by re-computing
n starting from the system equilibrated at a higher temperature of
625 K for 4.4 ns and then cooling and further equilibrating the model
for 4 ns at 590 K. The calculation yields 77 = 40 mPa s to be compared
to the value of 39 mPa s obtained previously. By further cooling
the same model from 590 to 580 K and equilibrating for 5 ns, we
obtain # = 48 mPa s, which is close to the value of 57 mPa s obtained
previously at 580 K. Still, this does not prove that the system is in
equilibrium. Indeed, an indication that the system is out of equilib-
rium at the lowest temperatures investigated here comes from the
calculation of the specific heat C, shown in Fig. 8. This is obtained
from NVE simulations by cooling the liquid (blue dots in Fig. 8) or
heating the amorphous phase (red dots in Fig. 8) previously gen-
erated by quenching from 1000 to 260 K in 100 ps. The specific
heat C, per particle and at constant volume was obtained from the
temperature fluctuations in NVE simulations as®

2\ 1
CV=§k3(l—§N£) . (7)

C, is expected to feature a peak at T, on heating the amorphous
phase and a downward jump on cooling the liquid.”® Since the amor-
phous phase was generated by fast cooling, the peak on heating
overestimates T,. However, also the jump in C, on cooling is at a
temperature at which our calculated viscosity is much lower than
the value expected at T (10" Pa s), which indicates that the system
is out of equilibrium. Unfortunately, it is not possible to equilibrate
the system in the temperature range 550-650 K for overall more than
about 15 ns because of the onset of crystallization. In the real system,
and particularly in the devices, crystallization takes place in the same
temperature range. Therefore, it is conceivable that the viscosity
could neither be measured experimentally on a better equilibrated
system in this temperature range. At even lower temperatures, the
nucleation rate drops and then a better equilibration on longer times
is possible, but on the other hand, the relaxation time also becomes
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FIG. 9. Energy vs temperature in the two NVT runs of cooling the liquid (blue dots)
and heating the amorphous phase (red dots).

very long on a time scale which is accessible in experiments, but
not by MD simulations. The energy as a function of temperature in
NVT runs of cooling the liquid and heating the amorphous phase is
shown in Fig. 9.

D. Breakdown of Stokes-Einstein relation

In Fig. 10(a), we show the ratio #D/T that should be a
temperature-independent constant whenever the SER holds. The
viscosity is computed from NVT simulations and D is computed
in NVE simulations at a very similar average temperature (in most
cases within 3 K, but for a larger misfit of 6 K at 700 K and of 4 K at
625 K). If both the Maxwell and the SER relations also hold, the ratio
74D/ T should be a temperature-independent constant. This quan-
tity is shown in Fig. 10(b). However, aside from small fluctuations,
due to the several uncertainties (see above), the SER reasonably
holds down to 680 K. At lower temperatures, a breakdown of the
SER clearly occurs with a steep increase in both the #D/T and
74D/ T ratios. A breakdown of SER with a rapid increase in #D/T by
decreasing the temperature below 700 K was also reported for GeTe
from NN-MD simulations.’” Experimentally, an increase in the ratio
#D/T by a factor of about 1.3 was found in GST by decreasing the
temperature from 1120 to 903 K.*° In the same temperature range,
we observe some oscillations in the #D/T ratio with a mild increase
by decreasing temperature. The increase by about 1.3 seen experi-
mentally seems outside our error bars. No direct experimental data
on the viscosity or relaxation time are available in the supercooled
liquid. To quantify the deviation from the SER, we use the fractional
Stokes-Einstein relation,**

D o< (1a/T) ™" 5 D o< (/)" 8)

with a fractional exponent 0 < £ < 1 (§ = 1 for SER). The fractional
exponent can be found from a linear regression of the data log D
vs log(#/T) [orlog(7«/T)] shown in Fig. 11 that yields & ~ 0.84 for
D o< (74/T) " and & ~ 0.82 for D o< (17/T) . As already mentioned,
our value of £ is higher than the value of 0.67 extracted from the
analysis of the crystal growth velocity measured by DSC below T},.'°
Above Ty, our € is 1 (no breakdown) while experimentally is 0.63.7”
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FIG. 10. Ratio (a) #D/T and (b) 7.D/T as a function of temperature, normalized
to their value at 900 K. When the SER holds, #D/T is a temperature-independent
constant. If both the SER and the Maxwell relation hold [see Eq. (7)], 7D/ T should
be a temperature-independent constant as well. A clear breakdown of SER occurs
below 680 K. The data refer to simulations at density fixed to the experimental
density at T, (blue dots) and at the experimental temperature-dependent densities
above T, (red dots).

Overall, the breakdown of SER in our simulations is less striking
than in experiments.

The decoupling between viscosity and atomic mobility respon-
sible for the breakdown of SER can be ascribed to a dynamical
heterogeneity (DH) in the supercooled liquid, which is another char-
acteristic feature of fragile liquids.”**” *” A heterogeneous dynamics
is also likely to contribute to the formation of a non-exponential
(stretched) relaxation of the ISF discussed in Sec. III B. Dynam-
ical heterogeneity arises from the formation of spatially localized
regions in which atoms move substantially faster than the aver-
age and regions where atoms move slower than the average. The
presence of DH leads to the breakdown of SER because, roughly
speaking, D is controlled by the fast moving atoms, while struc-
tural relaxations (7, and #) are controlled by the regions with slow
moving atoms. The argument is the following: if we assume that
the SER holds locally in regions with different mobility, the average
(D) can be obtained by applying locally the SER, i.e., (D)/T o< (")
where, however, (™!} differs from ()~ when the average is over a
broad distribution.”"”* Dynamical heterogeneity can also be studied
by MD,”” * as we already did for the parent compound GeTe in a
previous work.”* A similar analysis for GST is discussed in Sec. 1] E.
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FIG. 11. Plot of log D vs (a) log(#%/T) or (b) log(7«/T). The kink indicates a
deviation from the SER that is quantified by the fractional exponent & [see Eq. (8)].
Linear regression yields & = 1 at high temperature when the SER holds and & ~
0.82 below 680 K.

E. Dynamical heterogeneity

To unravel the emergence of DH in supercooled liquid, we
computed the dynamical susceptibility y,(q,t),”””" defined by the
variance of the ISF [see Eq. (2)] as

xa(g:t) = N[(|®s(q: ) P) = (Ds(q,1))*]. ©)

The dynamical susceptibility x, (¢, t) quantifies the fluctuations
in the correlation of single atom displacements over the time and
length scales given by t and g. We computed y,(g,,t) for the same
q,=2 A7! used in the analysis of the ISF (main peak of the static
structure factor, see Sec. I1I B) and for five different temperatures
900, 750, 650, 600, and 550 K, as shown in Fig. 12. The function
X4(qy» t) starts from zero at short times, reaches a maximum between
the 8 and the a-relaxation regimes, and then approaches one at long
times. The height of the peak increases by decreasing temperature
and is proportional to the number of atoms involved in cooperative
motions in the spatial regions of slow and fast moving atoms.”>

The time t* corresponding to the maximum of y,(q,,t) gives a
measure of the time over which we expect to see a correlation in the
velocities of the atoms in the regions of most mobile (MM) and most
immobile (MI) particles (that we will define in a quantitative manner
later on). In other words, t* is a characteristic time over which an
atom keeps its character of MM or MI particle. t* corresponds to 1.7,
3.3,8.1,20.4, and 62 ps at 900, 750, 650, 600, and 550 K, respectively.
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We used our estimate of t* for the so-called iso-configurational
analysis that can be used to obtain a spatially resolved map of
dynamical heterogeneities’> and then some hints on the possible
structural origin of the clustering of atoms in MM and MI regions. In
the description of this analysis, we follow closely our previous work
on the study of DH in GeTe by NN-MD.*

The analysis consists of performing several (50 in our case) MD
simulations starting from the same atomic configuration extracted
from an equilibrium MD trajectory of liquid, but randomly choosing
the initial velocities for each run from a Maxwell-Boltzmann dis-
tribution at a fixed temperature. We then performed averages over
this ensemble of trajectories to establish correlations between the
MM and MI regions and structural features present in the starting
configuration. Different iso-configurational ensembles (four in our
case) are generated starting from different atomic configurations.
This procedure is repeated for different temperatures. We quantify

ARTICLE pubs.aip.org/aipl/jcp

the tendency of each atom i to move by computing the so called
dynamical propensity (DP) over the characteristic time ¢t* defined
above,
= _ 2 (+%))2
DP;(t*) — M R (10)
MSDx, 10

where «; denotes the atomic species of atom i (Ge, Sb or Te), MSDy,
is the MSD of that species for the same time ¢*, and (- - -)s0 stands
for the average over the Niso trajectories of the iso-configurational
ensemble. The normalization factor MSD,, is introduced because
different species have different mobilities: atoms whose tendency to
move is close to the average for their species have DP ~ 1, whereas
deviations from unity correspond to atoms more or less mobile than
the average. The distribution of the DP obtained from a single iso-
configurational ensemble at three different temperatures is shown in
Fig. 13. Atoms with a DP at least one standard deviation away from
the mean of the DP distribution are defined as most immobile (MI)
or most mobile (MM, see Fig. 13). This choice ensures MI and MM
clusters contain a representative fraction of atoms (about 10%) at
all temperatures. Atoms are defined to belong to the same cluster if
they are within a distance of 3.2 A. We observed a clear increase in
the size of MM and MI clusters by decreasing temperature. The size
of the largest MM and MI clusters at the different temperatures from
the four iso-configurational ensemble are shown in Fig. 14.

As we did in our previous work on GeTe,* to visualize the MM
and MI clusters, we considered a DP density,

1N
p(DP)i= — > DPj, (11)
I\]}'j,rlj<rd

where the sum runs over the neighboring atoms j of atom i up to a
certain cutoff distance 4, which we set equal to 3.2 A.
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FIG. 13. Probability density distribution of DP at three different temperatures. Particles having a DP within the blue or red regions are labeled as most immobile (MI) or most

mobile (MM) particles, respectively.
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In Fig. 15, we show the starting configuration of one iso-
configurational analysis at three different temperatures (900, 650,
and 500 K), where each atom is colored according to its DP density.
At 900 K, slow (blue) and fast (red) atoms are randomly distributed,
while by decreasing temperature, slow and fast moving atoms tend
to cluster in spatially separated domains.

In our previous work on GeTe,** we found that the MM clus-
ters feature a significantly larger concentration of Ge-Ge homopolar
FIG. 15. Color map of the dynamical propensity density p(DP) [see Eq. (11)] for bonds. The emerging picture was that DH originates from the chem-
the starting configuration of one iso-configurational analysis at three temperatures: ical specificity of GeTe in which structural heterogeneities in the
(@) 900 K, (b) 600 K, and (c) 550 K. Atoms are colored according to their DP . .

P . ; form of the chains of Ge-Ge bonds preserve and enhance the atomic
density, with MM atoms in red and MI atoms in blue. . R
mobility very close to T,. On these premises, we first computed the
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FIG. 16. ALTBC function for Ge atoms at (top panels) 900 K, (central panels) 600 K, and (lower panels) 550 K for the bulk (left panels), the two largest MI clusters (central
panels), and the two largest MM clusters (right panels).
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abundance of the different types of bonds in the MM and MI largest
clusters which, however, does not seem to change significantly with
respect to the bulk average at all temperatures. As opposed to GeTe,
dynamical heterogeneities do not seem to correlate with chemical
heterogeneities. We, therefore, tried to correlate the MM and MI
regions not with the types of atoms involved in the bonds, but with
the bond geometry, namely, with the size of the Peierls distortion
consisting of the formation of long and short axial bond around
Ge and Sb atoms. In fact, DFT-MD simulations in Ref. 22 provided
a correlation between the enhancement of the Peierls distortion by
decreasing the temperature in liquid GST above T, and a deepening
of the pseudogap at the Fermi level in the electronic density of states.
A similar analysis in the supercooled liquid below T, suggested a
correlation between the enhancement of the Peierls distortion and
the metal-semiconductor transition.”* Therefore, the Peierls distor-
tion seemed a reasonable feature to look at in the attempt to correlate
the dynamical heterogeneity with a structural property. To this end,
we analyzed the angular-limited three-body correlation function
(ALTBC),”” which highlights the presence of a short and a long axial
bond in defective octahedral configurations. Namely, ALTBC mea-
sures the probability of finding a bond with length 7| mostly aligned
(within a threshold angle of 25°) with a second bond of length
r, formed with the same central atom. The ALTBC function in the
(r1, r2) plane is shown in Fig. 16 for central Ge atom and in Figs. S11
and S12 in the supplementary material for central Sb and Te atoms,
at the three different temperatures, for the bulk and for the two
largest MM and MI clusters. The calculations are averaged over dif-
ferent snapshots (from 2 to 20) from all trajectories (50) of the four
iso-configurational ensembles. The main feature that emerges from
the analysis of the ALTBC is the enhancement in the MM region at
550 K of the tails of the distribution for longer second bonds for
Ge. The secondary maxima at 3.6 and 3.8 A are at distances too
long to correspond to a real weak axial bond. Therefore, this feature
cannot be read as an enhancement of the Peierls distortion. Never-
theless, the presence of a neighboring atom on an axial position just
outside the first coordination shell might provide a favorable config-
uration for the migration of a Ge atom. These tails are instead less
evident in the MI regions than in the bulk. Moreover, a secondary
peak corresponding to a short bond below 2.8 A and suggesting a
better defined Peierls distortion is present for MI Ge atoms. A larger
Peierls distortion implies a stronger short bond and then a higher
barrier for diffusion, which is consistent with its enhancement in
MI regions. We note that Ge is the most mobile species and that
the difference in mobility between Ge and Sb or Te increases by
decreasing temperature (see Fig. S2 in the supplementary material).
Therefore, an enhancement of the mobility of Ge in the MM regions
via the mechanism depicted above could also drag the Sb and Te
atoms in the same regions. In the ALTBC of Sb in the MM regions
(Fig. S11 in the supplementary material), we note instead an
enhancement of the Peierls distortion at 550 K (the appearance of
a double feature in the main peak), which seems at odds with the
expectation that a larger Peierls distortion would correspond to a
stronger short bond and then possibly to a lower mobility. However,
for the reasons outlined above, the nature of MM or MI region is
probably ruled by the most mobile species (that drag the others), i.e.,
by Ge.
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IV. CONCLUSIONS

In summary, by leveraging a MLIP that we recently devel-
oped, we performed MD simulations of the liquid and supercooled
liquid phase of Ge;Sb,Tes to compute the viscosity # from the
Green-Kubo formula, the diffusion coefficient D from the square
displacement, and the a-relaxation time 7, from the incoherent and
coherent intermediate scattering functions. The calculations have
been performed down to 550 K, i.e., about 80 K above the latest
experimental estimate of the glass transition temperature (470 K),”
which required simulations lasting up to 18 ns. The fitting of #
with a MYEGA function provided a fragility index m = 94, which
is close to previous experimental estimate from DSC.'® However, a
deviation of # from a single MYEGA function at lower T is neces-
sary to reconcile our calculated viscosity with the experimental T
of 470 K. Although we found some evidence of a fragile-to-strong
crossover (FSC) in the range 590-550 K, the resulting activation
energy in the strong regime is too low and implies an unphysical
T¢ below 300 K. Therefore, a crossover at further lower tempera-
tures into a regime with higher fragility/activation energy is needed
to meet the experimental T'g. The comparison of #, D, and 7, allowed
us to assess the validity of the Maxwell relation down to the low-
est temperature and the breakdown of the Stokes-Einstein relation
(SER) below 680 K. We have also provided evidence of the presence
of dynamical heterogeneities at the lowest temperatures responsi-
ble for the breakdown of SER. Iso-configurational analysis provided
a tentative correlation between the dynamical heterogeneity and
a particular structural feature of Ge atoms, namely, the enhance-
ment in the MM regions of the presence of an axial long contact
(too long to be a weak bond) that could lower the activation bar-
rier for diffusion and an enhancement of the Peierls distortion in the
MI regions.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional figures on the
dynamical and structural properties of the supercooled liquid phase
and for a synoptic table of all simulations performed.
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