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‘We investigate the dynamic properties of Ge—Sb—Te phase change melts using first principles molec-
ular dynamics with a special emphasis on the effect of tellurium composition on melt dynamics.
From structural models and trajectories established previously [H. Flores-Ruiz et al., Phys. Rev. B
92, 134205 (2015)], we calculate the diffusion coefficients for the different species, the activation
energies for diffusion, the Van Hove correlation, and the intermediate scattering functions able to
substantiate the dynamics and relaxation behavior of the liquids as a function of temperature and
composition that is also compared to experiment whenever possible. We find that the diffusion is
mostly Arrhenius-like and that the addition of Ge/Sb atoms leads to a global decrease of the jump
probability and to an increase in activated dynamics for diffusion. Relaxation behavior is analyzed
and used in order to evaluate the possibility of a fragile to strong transition that is evidenced from the
calculated high fragility (M = 129) of Ge,Sb,Tes at high temperatures. Published by AIP Publishing.

https://doi.org/10.1063/1.5013668

. INTRODUCTION

Tellurides are considered as the most promising materials
for phase change (PC) memory devices' and infrared transmit-
ting waveguides.” In the former, the crystalline phase of a Te-
based phase change material is heated above its melting point
using an intense heating pulse and subsequently quenched into
its amorphous state. The optical or electric contrast between
both phases (crystalline vs. amorphous) is used for the appli-
cations, read by the appropriate device (e.g., a laser), and then
permits to define the elementary bits for the data storage. One
of the target materials having the best capabilities regarding
phase change properties has been the chalcogenide Ge-Sb—Te
ternary, and especially the compositional join defined by a
pseudo-ternary line GeTe—Sb,Tes.

The structural properties of the crystalline, liquid, and
amorphous phases of such Ge-Sb-Te materials have been
extensively studied,! both from theoretical and experimental
viewpoints. Using different techniques (neutron diffraction,
extended X-ray absorption fine structure, and X-ray absorp-
tion near edge structure), it could be shown that the liquid
structures>~© possess a defect octahedral local order for both
Ge and Sb, whereas the densities of the amorphous and lig-
uid phases were shown to be slightly lower than that of the
crystalline phase. There have been also a large number of the-
oretical studies using density functional theory (DFT)-based
simulations,>” ' and such studies have confirmed a certain
number of experimental results such as the local octahedral
structure of the liquid. Some of these conclusions are still
debated in the literature,'>'4 however. One of the reasons
comes from a remaining numerical overestimation of the typ-
ical bond distances of Ge-Sb—Te materials, especially the
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Ge-Te one, which has led to an important mismatch between
the measured and calculated structure accessed, e.g., from
diffraction studies. As a result, coordination numbers seem to
be overestimated, at least when compared to alternative mod-
eling schemes'> or, more recently, to spectroscopic data.'¢
In addition, such an insightful but still inaccurate simula-
tion also affect the local base geometry of the Ge atoms,
tetrahedral or defect octahedral,'® while also underestimat-
ing the intensity of the main peaks of the total structure
factor.%3 The issue of the base geometry appears to be cen-
tral for the understanding of the PC mechanism given that
such typical structural motifs involve different chemical bond-
ings while also requiring the participation of different elec-
tronic orbitals. This crucial issue has recently been solved
by including dispersion forces into the DFT-based molecu-
lar dynamics simulations, and different applications on lig-
uid Ge-Sb-Te,!7 Ge-Te!320 and amorphous Ge-Te!3 have,
indeed, indicated that a substantial improvement of the sim-
ulated structural properties can be achieved when van der
Waals corrections are added to the treatment of the inter-
atomic interaction. As a result, it could be shown that the
fraction of tetrahedra is much larger in tellurides so that Ge-Te
displays some similarities with Ge—Se, except the larger
crystallization tendency. Such corrected DFT investigations
have been also performed for the corresponding crystalline
phase. ?!-??

Having improved the structural description (Fig. 1), one
may wonder how the dynamics of such more realistic phase
change liquids behave. This is the purpose of the present con-
tribution which focuses on the dynamics and the relaxation
of Ge,Sb,Tejgo-2, melts with changing cross-linking (Ge,
Sb) content x, including Ge,Sb,yTes (GST225). One expects
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FIG. 1. Calculated!” (red curves) static structure fac-
= tors S(k) (a) and pair correlation function g(r) (b) for
the investigated compositions at 820 K and comparison
with experimental neutron diffraction results: elemental
Te (green curves)®* and Ge—Sb—Te liquids (black curves).
Adapted from Ref. 17.
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from such systematic studies to derive a trend between Te
and GST225 that might help to clarify certain issues related
to dynamics. In fact, the temperature dependence of diffusiv-
ity and viscosity is important for nucleation and growth of the
crystalline phases and, hence, for the PC applications.' In addi-
tion, given the high crystallization tendency?*** of such tel-
luride liquids such as GST225, Ge; Sby Te4, or Ag4InzSbgrTeoq
(AIST), the entire dynamics of the supercooled metastable
state can be barely probed so that molecular simulations
can shed some light on aspects of liquid relaxation and
viscosity.

The present investigation is also guided by other moti-
vations. Dynamic anomalies have been detected in network
glass-forming liquids with increasing connectedness,”> >’ and
for chalcogenide materials, these anomalies have been found
to be linked with the way the viscosity (1) or the relaxation
time (ty) towards thermodynamic equilibrium evolves with
temperature. The behavior of n and 1, with temperature is
usually quantified by a fragility index® defined by

dloglot]
M= |—" 1
[ dT/T |-, W

and leading for large M (termed as fragile liquids) to a cur-
vature in an appropriate plot*® (logjon or logjot with T,/T).
Here, T, is the glass (reference) temperature at which one has
logion = 12. For the particular GST225 composition, differ-
ential scanning calorimetry (DSC) across the glass transition
have permitted access to the liquid fragility?® and have revealed
that this archetypal PC material is fragile (M = 90) although
there are some uncertainties regarding the measure of M in
tellurides given the experimental challenge.3*-3! For instance,
the fragility of GejsTegs was found between M = 42%0 and
M = 120,% the experimental discrepancies being, apparently,
based on the measurement methods (see Ref. 50 for discus-
sion). For sulfur- or selenium-based liquids, fragility minima
are observed with composition®*> and are usually linked with
an anomalous relaxation’® and the onset of a rigid network
structure®’-3® found at a flexible to rigid transition. This induces

7 8

a series of other anomalous behaviors observed in the glass
transition region such as minimal enthalpic changes across
the glass transition,> space-filling tendencies,***! weak age-
ing phenomena,*” and vibrational thresholds.** Some of these
features are important for the optimization of the PC proper-
ties as recently emphasized for Ge, Te|—,. For instance, it was
shown that both structural motifs** responsible for a Ge-rich
nanoscale phase separation and the resistance drift involved in
ageing phenomena®’ could be linked with aspects of network
rigidity. And since the presence of Ge—Ge bonds favours the
presence of tetrahedra,'? the full understanding of the com-
bined effect of homopolar bonding, geometry, rigidity, and
dynamics is very much desirable.

A recent numerical investigation on a parent liquid
(Ge,Se|_,) has shown that such fragility anomalies are linked
with the spatial distribution of atomic radial and angu-
lar interactions able to constrain the network structure.’®
Although signatures of a flexible to rigid transition have been
observed in different amorphous tellurides,** the exper-
imental detection of dynamic anomalies in corresponding
liquids appears to be less evident because of the increased
crystallization tendency in the supercooled state, a problem-
atic definition of relevant (bending and stretching) interactions
due to the partially unknown local geometries (octahedral
vs tetrahedral), and the strong temperature dependence of
the coordination numbers.®%17-2° Furthermore, corresponding
experimental data are sparse. However, an MD-based enu-
meration of topological constraints in amorphous Ge—-Sb—Te
materials has been able to clarify this issue and has led to
the identification of a mean-field flexible to rigid transition
line close to the SbTe;—GeTey join”! separating two regions in
the Te-rich part of the phase diagram. The choice to concen-
trate on the compositional line Ge, Sb, Te;_;, is, therefore, also
motivated by these recent results regarding rigidity because
of a possible flexible to rigid transition for the GejoSbioTego
composition.

Studies in the liquid state have also emphasized the partic-
ular behavior of viscosity in binary and ternary telluride liquids
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which underscores a possible strong to fragile transition >3

with temperature. Here, the viscosity is supposed to change
more or less suddenly by several orders of magnitude, and such
a transition has been revealed from a careful series of viscosity
measurements in the parent liquid Ge;sTegs.>> These intrigu-
ing findings have been rationalized in terms of a semiconductor
to metallic transition supposed to influence the crystalliza-
tion kinetics®>>? below the liquid surface, although some of
the driving phenomena, e.g., hidden liquid-liquid transitions,
remain disputed and probably require more investigations on
model systems as recently performed with success on liquid
silica. >+

Here, using the Grimme-corrected DFT simulations, we
investigate as a function of Te content the diffusivity and the
relaxation properties of Ge,Sb,Tejgo—2, liquids that crosses
the pseudo-ternary line Sb,Te;—GeTe, while also replacing
Ge/Sb in the Te-based materials in an equivalent fashion
between elemental Te and Ge;Sb;Tes. Results show that the
increase of cross-linking elements (Ge, Sb) globally reduces
the dynamic behavior with a global reduction of the diffusivi-
ties with increasing cross-link density. Corresponding activa-
tion energies do not seem to indicate a signature of dynamic
anomalies.® The models lead to estimated viscosities that
are globally compatible with experimental results and pre-
vious simulations. We then analyze the relaxation properties
and find an Arrhenius dependence for the relaxation time that
permits one to probe the possibility of a fragile to strong tran-
sition, and because of a large difference in liquid fragilities
between the low- and high-temperature liquids, for GST225,
such a transition is identified close to the melting point at
T,=792 K.

This paper is organized as follows. Section II describes
the computational methods used for this study. We will then
focus on the results on the dynamics such as diffusivity and Van
Hove correlation functions able to substantiate the properties
of the diffusing atoms. We address the issue of relaxation by
focusing on the intermediate scattering function and related
quantities that can be extracted from its time evolution. In
Sec. IV, we will discuss the results, contrast the findings with
experiments, and discuss the fragile to strong transition of the
telluride melts from the determination of the relaxation time
with temperature and composition. Finally, we summarize the
main findings and draw some conclusions.

Il. NUMERICAL METHODS

Five compositions Ge,Sb,Tejgo—x (x = 0%, 6%, 10%,
14%, 22%) have been investigated from first principles molec-
ular dynamics simulations in NVT ensemble. 300 atoms have
been positioned in a periodically repeated cubic cell whose
size has been adapted to recover measured experimental den-
sities at given temperatures.'” The electronic structure has been
described within DFT and has evolved self-consistently during
the motion.”® A generalized gradient approximation (GGA)
has been used, based on an improved scheme for the exchange-
correlation energy obtained by Perdew, Burke, and Ernzerhof
(PBEsol). This functional has been found to improve substan-
tially the structural description of elemental tellurium in the
liquid phase.®
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Valence electrons were treated explicitly, in conjunction
with Trouiller-Martins norm conserving pseudopotentials.®’
The wave functions have been expanded at the I' point of
the supercell on a plane wave basis set with an energy cutoff
E. =20 Ry. During the Car-Parrinello Molecular Dynamics
(CPMD) simulation, a fictitious electron mass of 2000 a.u. and
atime step of Ar =0.12 fs have been used to integrate the equa-
tions of motion. Temperature control has been implemented
for both the ionic and electronic degrees of freedom by using
Nosé-Hoover thermostats®® with a frequency of 800 cm™!.
An attractive dispersion correction proposed by Grimme>’
has been used and leads to a substantial improvement of the
structural description (Fig. 1) in both Ge-Te and Ge—Sb-Te
melts.!”? Corresponding Grimme parameters are given in
Ref. 17.

The starting configuration of all liquids is a random struc-
ture of Ge, Sb, and Te atoms fulfilling the corresponding stoi-
chiometries. Loss of the memory of the initial configurations
has been achieved through preliminary runs at 2000 K over
50 ps at densities corresponding to a high temperature extrap-
olation of the experimental densities. The total simulation time
of these preliminary runs induces mean square displacements
of the order of several cell lengths which provide a good
indication that the memory of the initial configurations has
been lost. After equilibrating at different target temperatures
(1800 K, 1500 K, 1200 K, 820 K, and 743 K), trajectories for
each compositions/temperatures have been accumulated over
25-30 ps each and used for the analysis of the dynamic proper-
ties. The lower temperature clearly corresponds to the super-
cooled liquid region given the, e.g., measured glass transition
temperatures of T, = 383-430 K% and melting temperatures
T,, =900 K! for GST225 and T, = 340 K for elemental Te.**

lll. RESULTS
A. Diffusion

We first compute the mean-square displacement of an
atom of type a in the melt given by

1 &=
) = 5= Z] (Iri(r) = r:(0)*) )
and extract from the dependence of {(r2(¢)) the long time behav-
ior where the dynamics becomes diffusive. Figure 2 shows
such a behavior and indicates that, e.g., Te atoms are diffu-
sive even for the lowest considered liquid temperature (820 K)
because (r2(t)) obviously has a slope of 1 for ¢ > 10 ps in a
log-log plot and one still has (r2(#)) of about 10 A2. Using the
Einstein relation at long time lim, e {(r2(#))/6t = D, the diffu-
sion constants D for various species can be calculated from the
mean square displacement as a function of composition and
temperature.

Corresponding results are represented in Fig. 3 for the
different compositions and exhibit an Arrhenius-like depen-
dence exp[—E4/T] as already found for a variety of oxide or
chalcogenide melts.?”-61-63

These can be compared to experimental or other numerical
available data [Fig. 4(a)]. For liquid tellurium, it is seen that our
calculated diffusivities are very close to those calculated from a



034502-4 H. Flores-Ruiz and M. Micoulaut

LA A1) B L B B R L B R

100

T
TRRRTI

|

-

LRI R L
|

|

T
|

GewawTemJ

UL
Ll

| TTIT B RS ETIT BT W TTIT BT

0.01 0.1 1 10 100
t (ps)

FIG. 2. Tellurium mean-square displacement of a GejpSbigTegy liquid at
different temperatures. Note the onset of the diffusive régime at ~2-5 ps at a
high temperature (T > 1200 K).

different electronic scheme (Tao, Perdew, Staroverov, Scusera
(TPSS)®), i.e., we find 1.83 x 10~ cm?/s for 820 K, to be
compared with 4.62 x 107 cm? at 970 K.% Differences in dif-
fusivities due to the exchange-correlation functional have been
acknowledged in lighter chalcogenides, and it has been found
that these were essentially driven by changes in the local struc-
ture and coordination number.®”-%® Given that there are slight
differences between the present simulated liquid Te and the
one using the TPSS functional, we conjecture that these may
arise from a small difference in structure (i.e., g(r)) although
the coordination number of Te was about to be the same (nz,
=2.40 for 910 K'7 and 970 K%%).

Both simulation schemes are actually very close to the
only reported experimental data point® of liquid Te measured
at 720 K [see Fig. 4(a)]. The numerical results can also be com-
pared with values extracted from a Stokes-Einstein estimate of
diffusivities from viscosity data®%-70 (see below) and results
are found to agree, at least at low temperatures (820 K). The
effect of the addition of Ge and Sb atoms leads to a strong
decrease of diffusivities as the temperature is reduced [Figs. 3
and 4(a)], a feature that has been already noticed and which
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signals the slowing down of the dynamics as the density of
cross-links increases or the temperature decreases.>®® In the
present case, the diffusivities decrease by an order of magni-
tude as the liquid is cooled from 1500 K down to 820 K. At
high temperatures (1500 K, i.e., T > T,,), all liquids behave
similarly and effects of composition on transport properties
are weak. From Fig. 4(a), one can detect, indeed, that for
T > 1200 K, there are minor differences in the diffusion con-
stant Dz, between Te and GST225, both being in the liquid
state (T, =722 K and 900 K, respectivelyl ). However, we also
note that that the strongest reduction of diffusivities is found
between the 14% and the 22% (GST225) liquid (Fig. 3). The
present results are also consistent with a recent study on liq-
uid GST225. We find, indeed, Dg, = 7.3 X 107 cm? s7! at
823 K, the latter value being similar to the one determined by
Schumacher et al. at 852 K.%°

For the GST225, corresponding activation energies E4
calculated from Fig. 4(a) are found to be of about 0.30 eV,
0.26 eV, and 0.29 eV for germanium, antimony, and tellurium,
respectively. These numbers compare rather well with those
determined in other typical PC liquids. In liquid GeTe, Liu
et al.”?> have found from a combination of ab initio simula-
tions and classical crystallization theory E4 = 0.30 eV and
E4s = 0.32 eV for Ge and Te, respectively. These are also
consistent with diffusivity results® determined from similar
simulations for liquid Ge,Sb,Tes (E4 = 0.256 eV) and experi-
ments on viscosity (E4 =0.266 eV) but also with typical values
found for SbyTe (0.30 eV).”?

In order to further check if the present diffusivity results
are consistent and given that a direct calculation of a Green-
Kubo viscosity is out of reach because of limitation in time
and system size, we use the following Stokes-Einstein (SE)
relationship to determine the liquid viscosities:

kT
= 6xRD’

3

where D is the calculated average diffusivity and R is a
typical distance responsible for viscous flow (a hydrody-
namic radius). Note that one may use the alternative Eyring

FIG. 3. Arrhenius plot of Ge (a), Sb (b), and Te (c)
diffusivities as a function of inverse temperature.
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FIG. 4. (a) Arrhenius plot of the self-diffusion constant in liquid Te [blue
filled circles, same as data in Fig. 3(c)] and Ge (black open squares), Sb (red
open squares), and Te (green open squares) in liquid Ge,SbyTes (GST225).
The liquid data for Te can be compared to similar simulations using a different
electronic scheme (open blue circles, Akola ef al.%%), to an experimental data
point from quasielastic neutron scattering (orange, Axmann et al.%%), and
to viscosity based diffusivities from Herwig and Wobst® [see Eq. (3)]. (b)
Determined activation energies E4 as a function of Ge/Sb content. Comparison
with the activation energy (open blue square) calculated for liquid Te by Akola
etal.%

equation which also behaves as ) =~ T/D. Values for R corre-
spond to the interatomic Ge—Te distance, but it can also be more
simply determined from 2R = p~!/3 (with p the liquid density)
which gives a rather good reproduction of viscosity data from
diffusivity calculations in different chalcogenide liquids.3%7*
Corresponding results using Eq. (3) are displayed in Fig. 5,
together with experimental®®®®7% and numerical results,%*%
and these appear to be consistent. At high temperatures, the
similar diffusivities (Fig. 4) lead to values for 1) that are close
(they differ by a slight change due to density), and 1 starts to
increase substantially in the region 800 K < 7" < 1100 K only,
as also acknowledged in experimental measurements. Here,
one notices that for the same temperature, a marked effect of
composition leads to an increase of the GST225 viscosity, i.e.,
by a factor of 3-4 with respect to liquid tellurium.

B. Van Hove correlations

Additional insight of the diffusive motion is provided by
the Van Hove correlation function’>7 which is a density-time

J. Chem. Phys. 148, 034502 (2018)
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FIG. 5. Estimated SE viscosity as a function of temperature (filled circles)
compared to previous results from molecular simulations (Schumacher et al.,
red open triangles;® Akola and Jones, red open square®*) and experimental
measurements (solid lines) from the studies of Schumacher et al.,® Wobst
and Herwig,% and Skylyarchuk et al.’® for GST225 and Te. The solid black
line represents a Speedy-Angell fit’! for the Te data’’ and corresponding
parameters are given at the top. See the text for details.

correlation of particles and permits to quantify correlated real
space dynamics, while also being able to characterize certain
transport mechanisms. Given that there is a particle at the origin
at time ¢ = 0, the Van Hove correlation for species o is usually
given as

1 /&
G*(r,1) = N_<Z 8(r +17(0) - rj(r))>, “
@ V=]

where (-) denote the ensemble average. The Van Hove corre-
lation function can be divided into a self-part and a distinct
part for the cases i =j and i # j, respectively. The former gives
an indication about an average motion whereas the latter is
directly related to unlike particle correlations that reduces to
the static pair correlation function g(r) at t = 0.8 For the self-
part, the probability of finding a particle of species a at the
position r at time ¢ is given by

Nn
4nr*GY(r,t) = Nia< ;: 8(r + r;(0) — ri(t))>, (3)

and 477 results from the spherical integration of an isotropic
media. Figure 6 now exhibits the self-part of the Van Hove
correlation function G{ (r, t) after 20 ps for 820 K.

Results are shown in Fig. 6 which displays for each species
the Van Hove distribution at the lowest investigated tempera-
ture (820 K). We obtain for G¢ (r, ¢) a global shift to lower dis-
tances r as the (Ge, Sb) composition x is increased which leads
to a global reduction of the atomic jump probability (inset of
Fig. 6) so that only ~20% atoms move by a typical atomic dis-
tance of 2.47 A at 820 K. In parallel, the average jump distance
decreases in a similar fashion, from, e.g., 4.33 Ain liquid Te
down to 2.20 A at 22% (GST225) for the Te atoms. Although
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FIG. 6. Van Hove correlation function 472r>G% (r, t) at 820 K at t = 20 ps for
the different species (Te, Ge, Sb). The dotted line in the top panel corresponds
to the liquid Te. The inset in the lower panel represents the probability that an
atom jumps by a distance larger than r,,;, = 2.47 A at 820 K.

the Ge statistics is small for the 6% system (GegSbgTegy, 18
atoms) and leads to a more noisy function, one clearly notes
that the dynamic behavior of this liquid is rather different for
GY(r,1) and Géfb (r, 1) given that both display a tail at larger
distances (4-5 A) which is an indication of a departure from
Fickian dynamics’’ that behaves as G%(r,t) = exp[—r?/Dt].
This tail is a signature of some cooperative motion (it usually
builds up as the liquid becomes more and more viscous). This
situation contrasts with the profile of G (r,t) found for the
other compositions, whereas G3°(r, t) appears to be somewhat
intermediate for both GegSbgTegg and GejgSbigTego.

The maximum of 47rr2G§’ (r, t) can be related to diffusion
processes in liquids and solids and reveals that the most proba-
ble distances involved in the jump processes (2-3 A) are those
corresponding to first neighbour distances or second neighbour
distances to the best. This is a strong indication that diffu-
sive processes are governed at such high temperatures by the
motion of single atoms, a situation that is particularly met for
the Te atoms for which 4772 G¢(r,t) has a nearly similar shape
for all compositions except GST225.

C. Relaxation

We now investigate the relaxation behavior of
Ge, Sb, Te|_, liquids by examining the intermediate scattering
function which is a quantity usually accessed from X-ray or
neutron scattering’®’® and permits one to follow the decay
of density fluctuations with time and turns out to be a useful
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property for the investigation of glassy relaxation. From MD
simulations, the self-intermediate scattering function F&(k, t)
for the species a can be calculated and is equal to

NLY

1
Fik,1) = 172 exp(ik - (rj(r) - 1;(0))), (6)

(ljzl

which is also defined as the Fourier transform®® of the Van
Hove correlation function defined in Eq. (5). In Fig. 7, we
represent the wave vector dependence of F(k, t) for a given
composition (GST225) at different wave vectors including
k = kpax = 2.13 A™! that corresponds to the position'” of
the principal peak in the static structure factor S(k) (Fig. 1).
F(k, t) displays some salient features that are obtained for
a variety of typical glass-forming systems,’®3781:82 and these
are recovered for the present Ge—Sb—Te liquids. At higher tem-
peratures (e.g., 1500 K), the relaxation process takes place in
a single step Debye-like fashion®® (not shown), and one can
fit Fy(k, t) with a simple exponential decay (¢~"/%), where T
represents the structural relaxation time towards thermal equi-
librium at which one has F(k, t) ~ 0. However, as the system
becomes more viscous and exhibits a progressive glassy behav-
ior (820 K corresponds to T,/T = 0.52, with T, = 430 K?*), a
typical B-relaxation plateau builds up at intermediate times,
and this plateau extends to very long times and becomes of
the order of the simulation time for 300 K. For intermediate
temperatures and sufficiently long simulation time however,
the decay of F(k, t) to zero is visible and characterizes the
a-relaxation régime of the liquid.®*

At the lowest liquid temperature (820 K), one can notice
that for typical structural correlations involved in short dis-
tances (2.13 A~! and 3.73 A1), a full relaxation to equilibrium
is achieved on the 20-30 ps time scale, and Fs(k, t) becomes
close to zero. The situation contrasts with the one found for
k =1.07 A" which shows only a partial relaxation given that
the wavevector corresponds to correlations found at interme-
diate length scales, typical of the first sharp diffraction peak®
observed at lower temperatures, and such correlations need
longer times to decay to zero.

Finally, in Fig. 8, we show the function F(kqy, t) for
Kmax = 2.13 A~! for the different 820 K liquids for the three

T T T T

0,8

0.6 ) -

F_(kt)

04 ; N

0,2
GezszzzTese

" 820 K

071‘ Il 11 \\H‘ Il 11 \\H‘ sl
0,01 0,1 1 10
Time (ps)

FIG. 7. Reciprocal space vector dependence of F(k, ) of GeyySboyrTesg
(GST225) at 820 K for Te (solid curves), Sb (dotted curves), and Ge (broken
curves) at different wave vectors k.
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FIG. 8. Self-part of intermediate scattering function F(k, t) of Ge (a), Sb (b),
and Te (c) at 820 K and k = 2.13 A~ for the compositions of interest. The
horizontal solid line in (a) corresponds to the value e~!, whereas the broken
line in (c) shows the Kohlrausch-Williams-Watts (KWW) fit at the long time
limit of F(k, t) for GepySbarTesq (GST225). The inset shows the calculated
relaxation time T, as a function of temperature for all Ge—Sb—Te melts.

species (Te, Ge, Sb). It is seen that there is an enhanced
slowing down of the relaxation in the GST225 liquid that
obviously exhibits a slower dynamics and F(k, t) is shifted
to longer times, leading even to the emergence of a short
[B-relaxation régime that is especially visible for Te species
[Fig. 8(c)]. For times which are typical such®? as F(kuax, 1)
< /e, one can fit the intermediate scattering function with
a stretched Kohlrausch-Williams-Watts (KWW) exponential
decay exp[— (¢/ 1o)P, with 1, being the structural relaxation
time and f being the Kohlrausch exponent.®> The value of
< 1 indicates that the decay of the spatial density correlations
extends over a wide range in time3¢7%7%85 and signals that
the relaxation cannot be described by a simple exponential
Debye relaxation. The analysis on the relaxation times as a
function of composition and temperature at the selected k =
2.1 A~! is summarized in the inset of Fig. 8. With increasing
cross-linking Ge/Sb elements, the relaxation time increases

J. Chem. Phys. 148, 034502 (2018)

markedly at low temperatures with a growth of a factor of four
between 800 K and approximately 1000 K. The results for t,,
obtained from the KWW fit are actually compatible with the
simple estimate F(k, t,) = 1/e that is also used in the litera-
ture.3:82 For instance, we find that for the liquid GegSbeTegg
at 820 K, t, = 1.67(4) ps from a KWW fit and t,, = 1.57(5) ps
from the condition F(k, t,) = 1/e.

IV. DISCUSSION

The obtained numerical results can now be put in per-
spective with respect to previous studies on Ge—Sb—Te melts
or parent systems and connected to the topics presented in the
Introduction.

A. Fragile to strong transition

In order to investigate the possibility of a fragile to strong
transition, we use the calculated relaxation times t, with tem-
perature and composition (inset of Fig. 8) in order to infer the
nature of the dynamics at high temperatures for T > 820 K. Fig-
ure 9 shows the datain an Angell plot, i.e., we represent logTq
as a function of T,/T. Here, we have used the glass transition
T, =343 K for elemental tellurium and 430 K for GST225,%
assuming a linear increase between x = 0% and 22% in order
to rescale the behavior at the intermediate compositions (6%,
10%, and 14%) with appropriate glass transition tempera-
tures. Such an increase of T', with liquid connectivity has been
found in binary Si-Te®” and Ge-Te**8® glasses and turns out
to be much less important when compared to lighter chalco-
genides,**? as also recently emphasized.>> Results show a
weak variation with composition for such ternary telluride
melts over the reduced temperature range (T',/T") between 0.2
and 0.6 (Fig. 9). The variation of t,, parallels the one of experi-
mental viscosity data®® (right axis) which permits to estimate a
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FIG. 9. Representation in an Angell plot of T, (same data as inset of Fig. 8(b))
together with the viscosity data from the work of Schumacher et al.% (red
curve, right axis). The inset shows a prediction of viscosity 1 from T, as a
function of T'y/T for GST225 (blue symbols) together with the experimental
data (red,®® same as the main panel). A VFT fit (M = 129) to the data is given
(blue curve), together with VFT plots (logjone = —4) at different fragilities,
taken from the studies of Orava et al.?” (M = 90) for GST225 and Wei et al.3
(M =50) for Ge|s5Tegs. These serve for comparison.
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nearly temperature-independent infinite frequency shear mod-
ulus given that one has = Gy, and we find G, =3.4 x 10'2
GPa, a value that is close to those usually found in supercooled
liquids.3*

Using this determined value of G, we now represent
a tq-based viscosity as a function of T,/T (inset of Fig. 9)
that also agrees with viscosities estimated from the diffusiv-
ity via Eq. (3). It is important to notice that in the region
0.2 < T /T < 0.6, both t,-based and measured® viscosi-
ties display rather low values for 1, of the order of mPa s.
These are compatible with the possibility of a fragile to strong
transition given that a low temperature calorimetric measure-
ment?’ close to the glass transition that has given a fragility of
M =90 which leads to a curve for n(T) (black curve in the
inset) that can hardly fit our represented data across the whole
temperature range. A fit to the t,-based viscosity data using
a Vogel-Fulcher-Tamman (VFT) can be performed. Here, one
uses the form which involves explicitly®* the fragility M and
the glass transition temperature 7,

(12 - log;y Neo)?
M(T [Ty = 1)+ (12 = log g Ne)’
7

which leads to M = 129 if the constraint logjgne = —4 is
applied for the high temperature viscosity and M = 180 oth-
erwise. In this case, one has logjone. = —3.82 which is still
compatible with typical values for the melt viscosity at very
high temperatures®”*° and close, in fact, to the proposed lim-
iting viscosity of 1. = 107 Pa s°! that we have fixed at the
first stage of the fitting procedure. A fit to the experimen-
tal viscosity data is given in Subsection IV B. An alternative
fitting scheme builds on the Mauro-Yue-Ellison-Gupta-Allen
(MYEGA) form®! which can be extended for the special case
of fragile to strong transition to a double exponential expres-
sion?? using five parameters. Given the limited number of
data points obtained from the simulations (six), the use of
such a fitting expression appears rather risky. Whatever the
method used, one realizes that just below the melting tem-
perature (T/T,, = 0.478), the supercooled liquid is extremely
fragile; this statement being true for all ternary compositions.
Similarly, a VFT fit to the liquid data’’ leads for liquid Te to
M=50and T, =307 K, i.e., close to the limiting (x = 0) value
found in Ge,Te;_, glasses (343 K**). In the vicinity of the
glass transition, the fragility is much smaller,?® and a fragile
to strong transition might, therefore, be expected.

A second piece of evidence for an anomaly is given by
the viscosity behavior using the Speedy-Angell power-law fit-
ting procedure’! that has been used to analyze the viscosity
anomalies occurring in water just before its crystallization,”?

T—TS M
7]=An( T ) )
s

where Ay and v, > 0 are constants and T's represents a sin-
gular temperature at which 1 diverges. Just below the melting
temperature of GST225 (T, = 900 K), the fit using Eq. (8) of
either the T,-based viscosity or the experimental data® leads
to a strong increase and we find 75 = 792 K and T; = 707
K, respectively. The fit on our calculated n (inset of Fig. 9)
furthermore leads to vy, = 0.65(3) and A;, = 0.050(1) mPa s,

log,y n(T) = log;p N +

®)
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whereas for the experimental viscosity data,’” one finds Yn =
0.92(6) and A, = 0.603 mPa s. The same fit applied to the
pure tellurium data®®7% leads to Ty = 402 K and 621 K (see
Fig. 5), respectively. While we cannot comment more on the
discrepancy between the two sets of experimental data (vis-
ible on Fig. 5), we note that the latter fitting parameter 7T’
(related to the data set of Ref. 70) is nearly identical to the
location (623 K) of observed extrema in the specific heat, ther-
mal expansion coefficient, density, compressibility, and related
quantities.®*?> These anomalies point to a structural phase
transition driven by a semiconductor-metal transition close to
the melting point, and recent arguments in this direction have
been recently reported.>

Taken together, the present investigation suggests that
at some temperature 75 defining the fragile to strong tran-
sition, the liquid must undergo some important change in
viscosity (Fig. 10), and from the compilation of both sets of
data, the jump at T = T should lead to a change by at least
one order of magnitude in viscosity. Using two VFT forms
involving a high temperature fragility (Mpgr) and a low tem-
perature fragility (M gr) and the fitting parameters determined
from the different sets of data, for liquid GST225, we find a
jump in viscosity at the transition temperature of Alogn(7’s)
= 1.35. More generally, this jump can be characterized
by
(Mpr = Mpr)(F = 1)

MBT(% ~1)+16

if one assumes logn., = —4. The intensity of viscosity change
at the fragile to strong transition is, thus, directly linked with
the fragility difference between the high- and low-temperature
liquids.

1 2 T I T I T I T I T
- Liquid Supercooled liquid
10— .

log, n (Pa.s)
N

FIG. 10. 14 calculated viscosities (red circles) represented as a function of
T,/T (here Ty = 430 K%). For T > 792 K, the solid red line is a Speedy-
Angell”! fit [Eq. (8)] to the data, leading to a singular temperature of 792 K.
For T < T, the red curve represents a VFT curve using the measured fragility
M =90.% The high temperature fragilities (129-180) result from the VFT fit
of the data (see the text for details). The gray zone corresponds to the stable
liquid at T > T',.
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FIG. 11. Measured viscosity of liquid GeZszTe569 (black) fitted by a VFT
(red) form.

B. High temperature fragility of GST225

Here, we discuss the high temperature fragility deter-
mined from recently measured viscosities® of liquid
Ge,Sb, Tes using the typical functionals for n(7'). Indeed, the
data have been analyzed only from a simple Arrhenius form
in Ref. 69, although the representation (inset of Fig. 9) in an
appropriate plot clearly indicates a departure from Arrhenius
behavior if the whole temperature range is considered down to
T,. Figure 11 shows the experimental data fitted by the VFT
[Eq. (7)]. Three parameters are used for the fit: the viscosity
at infinite temperature 1, the liquid fragility M, and the ref-
erence glass transition temperature T'g at which 1 reaches the
value of 10'? Pa s. The fit leads to M = 161, T, = 382 K,
and logjone = —3.76 (correlation coefficient r = 0.999). The
obtained glass transition temperature 7, is identical to the one
determined by Kalb et al. (T, = 383 K**) and similar to the
value (430 K) determined by Orava et al.,” the fragility index
(M = 161) being similar to the one fitted from the T, deter-
mined viscosities. The present fitted values from experimental
data, thus, confirm the rather high fragility of the Ge,Sb,Tes
liquid in the experimental 900-1300 K temperature range, dif-
ferent from the fragility determined at a low temperature from
crystallization kinetics by Orava et al.”’ (M = 90), as dis-
cussed above. It, therefore, also points to a fragile to strong
transition.

C. Fragility and phase change melts

The present results and the extremely high fragility of
GST225 is a rather interesting feature regarding data stor-
age. In fact, the high fragility of this compound permits
one to ensure fast crystallization at high temperatures due
to rather low activation barriers for diffusion, of the order
of 0.25 eV [Fig. 4(b)] as in other phase change materials
(AIST?® or SbsTe”?). This turns out to be also the case for other
typical liquids such as lighter chalcogenides (As;Se; with
E4 = 0.30 eV!%) or sodium silicates®® which do not lead to
PC applications. In fact, at high temperatures, all diffusivi-
ties are nearly the same for such different systems (Fig. 12).
For lower temperatures however, limitations in computational
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FIG. 12. Calculated and measured diffusion coefficients in different network-
forming liquids as a function of inverse temperature: GST225 and Te (present
work), AIST [Zhang et al. (calculated®®), Salinga et al. (measured??), Akola
and Jones (calculated®”)], AsySes (Bauchy et al. 100y " and sodium silicate

(Bauchy et al., NSZ%). Note that for the latter, Si and Na species are
represented.

power do not allow for a full characterization of the dynamic
properties (i.e., close to T,) and estimates are mostly lim-
ited to about 10*/T =~ 15. However, a recent experimental
investigation®® from crystal growth measurements on AIST
permits one to estimate D(T) at low temperatures, and it
reveals a dramatic change in behavior (Fig. 12) with activa-
tion energies now of the order of 2.78 eV, i.e., lower than
the typical activation barrier for recrystallization (3.31 eV in
GST225%). These large energy barriers are believed to ensure
the high stability of the amorphous phase at low temperatures
but also indicate a decoupling between viscosity and diffu-
sivity. Notice that the diffusivity data of AIST*" are compat-
ible with the calculated values for diffusion constants at high
temperatures.

The growth of this decoupling leads to a well-documented
breakdown ! of the SE relationship [Eq. (3)] that is valid in
equilibrated high-temperature liquids. Once the temperature is
sufficiently low, the diffusivity becomes, indeed, much higher
than its value expected from the viscosity, and such features
have been detected from simulations in liquid GeTe. It was
shown'?! that GeTe has a very high diffusivity (10710 m?/s)
down to temperatures close to the glass transition temperature.
In addition, dynamic heterogeneities'?? have been evidenced
and such inhomogeneous spatial and relaxational fluctuations
have been also linked with the breakdown of the SE rela-
tion. A correlation between SE deviation and fragility has
been proposed,'?? verified for different glass-forming liquids.
Given that GST225 displays an exceptionally large fragility
(M =129 or 161 from experimental data sets®), one is led
to believe that such a breakdown should occur as well in this
prototypal PC material.

V. SUMMARY AND CONCLUSIONS

Here, using MD simulations, we have investigated the
dynamic and relaxation properties of liquid Ge,Sb,Tejpo-2x
alloys with changing the tellurium content. Previously, we
have set extremely accurate structural models with this
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DFT-based framework, and corresponding structure func-
tions have been validated by a series of neutron diffraction
measurements. '’

Results indicate a global reduction of dynamics at the
lowest investigated temperature (820 K) as the Te content
decreases, and an Arrhenius behavior is found for the self-
diffusion coefficients. These coefficients permit one to evaluate
a Stokes-Einstein derived viscosity that is globally compatible
with experimental data for liquid Te and GST225. Correspond-
ing activation energies (E4) show a more stronger dependence
of the species and the addition of cross-linking elements (Ge,
Sb) leads to a global increase of E4 with only a weak indi-
cation of a possible dynamic anomaly for the Ge;oSbjoTegg
composition.

The investigation of relaxation using the decay of density-
density correlations permits one to extract the dependence
of the relaxation time t,(x, T) that shows a global increase
with increasing (Ge, Sb) content and decreasing temperature.
Using such determined values, we calculate a corresponding
viscosity that is found to be small and in the domain of frag-
ile liquids. Further analysis suggests that a possible fragile to
strong transition can be present in such telluride liquids. In
fact, the viscosity behavior at high and low temperatures leads
to fragilities that are rather different (M = 90,%° M =129 from
our fitted data, and M from a VFT fit of experimental data®®).
The large difference in transport behaviour close to the melting
point and close to the glass transition is a strong indication for
a fragile to strong transition. We identify the corresponding
transition temperature at 7'y = 792 K from a Speedy-Angell fit
of our calculated data.

The high fragilities close to the melting temperature for
GST225 appear to be a key factor for the phase change data
storage. In fact, for T < T,, large M must lead to a dramatic
decrease in diffusivity, a property that is suggested to be essen-
tial in order to ensure fast crystallization at high temperatures
and stable amorphous phases having large energy barriers for
diffusion.
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