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Absence of Partial Amorphization in GeSbTe Chalcogenide

Superlattices

Valentin Evang and Riccardo Mazzarello*

Phase-change materials (PCMs) are widely used for optical data storage due to
their fast and reversible transitions between a crystalline and an amorphous phase
that exhibit reflectivity contrast. In the last decade, PCMs have been found to be
promising candidates for the development of nonvolatile electronic memories,

as well. In this context, superlattices of thin layers of GeTe and Sb,Te; show an
unprecedented performance gain in terms of switching speed and power con-
sumption with respect to bulk GeSbTe compounds. Models of crystalline—crystalline
transitions, proposed to explain the improved properties, however, are challenged
by recent experiments in which GeTe-Sb,Te; superlattices are observed to
reconfigure toward a van der Waals heterostructure of rhombohedral GeSbTe and
Sb,Tes. Herein, ab initio molecular dynamics simulations are used to explore an
alternative switching mechanism that comprises amorphous—crystalline transitions
of ultrathin GeSbTe layers between crystalline Sb,Te;. Despite some positive results
obtained by tailoring the quenching protocol, overall the extensive simulations
do not yield clear evidence for this mechanism. Therefore, they suggest that the
switching process probably involves a transition between two crystalline states.

GeTe and Sb,Te;, the parent com-
pounds of the important class of GeSbTe
(GST) PCMs, were shown by Chong
et al.'% to exhibit fairly improved switching
properties with respect to the bulk GST
alloy if they are deposited alternatively
in a superlattice-like fashion with layer
thicknesses of several nanometers. The
improved efficiency of these superlattices
was attributed to enhanced thermal confine-
ment. Subsequently, Simpson et all’l
obtained a much more significant gain in
switching speed, energy efficiency, and
cyclability with superlattices of reportedly
only 1 nm thick layers of GeTe and Sb,Te;.
The authors concluded that the present sys-
tem, dubbed interfacial phase-change mem-
ory (IPCM), performs crystalline—crystalline
transitions via dimensionally constrained

Phase-change materials (PCMs) can be switched fast and
reversibly between an amorphous (RESET) and a crystalline state
(SET),!" which show a pronounced difference in reflectivity and
resistivity. These properties and the high stability of both phases
at room temperature, as well as the good spatial scalability,
enable these materials to be used not only for optical data
storage,’”! where the transitions are triggered by laser pulses,
but also for nonvolatile electronic memory,[“] which is set
and reset by voltage pulses. PCMs are already used in storage
class memory devices.”! Two key issues affecting the prospects
for PCMs to replace dynamic random-access memory or FLASH
technology are, respectively, the switching speed and the power
consumption.
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motion of Ge atoms at the GeTe-Sb,Te; inter-
face, thus avoiding the energy-demanding
bulk melting and involving low entropic
losses. Subsequently, two competing
switching models!®"*! were proposed, both of which comprise
Ge atoms hopping into the so-called van der Waals (vdW) gaps
between two adjacent, weakly bonded Te layers.

Molecular beam epitaxy (MBE) experiments by Momand
et al."* however, challenge the picture of a superlattice of nano-
meter thick sublayers of (GeTe), and Sb,Te; and thus also call into
question the proposed switching models. The authors report that
despite the high accuracy of the method used by them to form
such superlattice, the material reconfigures already during growth
into a heterostructure of Sb,Te; on the one hand and layers of
stable, rhombohedral GST (Kooi-like!*® structures) on the other
hand, with vdW gaps separating the two building blocks.
Furthermore, pronounced stacking disorder and the formation
of different GST layers with varying stoichiometry are reported.
For example, seven-layer and nine-layer blocks of the sequence
Te-Sb-Te-Ge-Te-Sb-Te (respectively, Te-Sb-Te-Ge-Te-Ge—
Te-Sb-Te) with some degree of compositional Ge/Sb disorder
are found. Similar results are obtained by growing the superlat-
tices by pulsed laser deposition.'® These blocks also occur in
the stable bulk phase of the corresponding GST stoichiometry.
In summary, it is shown that intercalating GeTe into Sb,Te; quin-
tuple layers (QLs) is thermodynamically preferred, ruling out
switching models that rely on a separation of these two compounds
and on Ge atoms lying close to vdW gaps. Recently, new models
for the switching mechanism have been proposed on the basis of
these findings."’ 2! In these models, the switching is associated
with a reconfiguration of the vdW gaps through the inversion of
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Sb-Te (or Ge/Sb-Te) bilayers between neighboring blocks. These
bilayer defects are frequently observed in sputter-deposited, annealed
GST and Sb,Te; and are stabilized by Sb-Te intermixing.m'zz]

In the study by Momand et al.,"* on the other hand, it is sug-
gested that the switching in the superlattices may be “a limiting
case of the amorphous—crystalline transition of very thin GST
sublayers sandwiched between Sb,Te; QLs.” Regarding the
RESET transition, it is conjectured that tensile strain in the
GST layers caused by the Sb,Te; QLs reduces the amorphization
energy of the former. Furthermore, the crystallization of GST
and thus the SET process could be accelerated by the
presence of the crystalline Sb,Te; matrix and evolve via template
growth. This is supported in a very recent work™™! in which
superlattices of rock-salt-like Sb,Te; and amorphous GST layers
have been fabricated by atomic deposition and proper thermal
annealing. Crystallization of GST is indeed shown therein
to be accelerated by the presence of the Sb,Te; template.
Together, these effects could explain the improved performance
with respect to bulk GST. In addition, other recent measure-
ments***! give a reduced thermal conductivity in IPCMs with
respect to bulk GST, similarly to the behavior of the superlattices
with thicker blocks,®! which speaks in favor of the explanation
of reduced switching energy via thermal confinement.

The experimental results and the conjectures of the study
by Momand et al." call for a theoretical approach to explore
switching processes based on partial amorphization in these
vdW heterostructures. The central question addressed here is
whether, by ultrafast heating and quenching, it is possible to
amorphize the rhombohedral GST sublayers while keeping
the Sb,Te; QLs crystalline and preserving the overall vdW struc-
ture. We thus use ab initio molecular dynamics (AIMD) for
assessing the behavior of such a heterostructure.

The superlattice model examined in this article uses periodic
boundary conditions and consists of an Sb,Te; QL and a 7-layer
Ge;Sb,Te, block making up a total of 12 atomic layers in the
primitive cell, yielding an ABC stacking of the atomic layers
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without stacking or twinning faults. The model is shown in
Figure 1a. The choice of this model is dictated by computational
convenience. The resulting sequence ...—Te—Sb-Te-Te—Sb-Te—
Ge-Te—Sb-Te-Te—Sb—... corresponds to the stable phase of
Ge;Sb,Te; %) comprising two vdW gaps (Te-Te) per cell. The
supercell is chosen to be orthorhombic with the z-axis perpen-
dicular to the atomic planes, and it contains 360 atoms in total
with 30 atoms per layer. A preliminary NPT simulation at room
temperature results in an atomic density of n=0.03114 A~> and
an in-plane lattice constant of a =4.30 A. From an analogous
NPT simulation of pure Ge;Sb,Te,, which yields a theoretical
lattice constant of 4.28 A, we find that in the superlattice, the sep-
tuple layer is subjected to a relative tensile strain of about 0.5%.

The system is heated to 21500 K, i.e., around 600 K above the
experimental bulk melting points of the constituting materials, to
enhance structural fluctuations and thus accelerate the creation
of a melting seed. Without such overheating, it would not be pos-
sible to observe melting on the timescales accessible by AIMD
simulations. This is a drawback of the simulations, which can
in principle promote the rapid melting of both blocks and, thus,
hinder partial melting. The first 110 ps are characterized by pre-
melt disordering events in the overheated crystal, which are
much more pronounced in Ge;Sb,Te, than in Sb,Tes;: When
screening the trajectory for atoms that leave their crystalline posi-
tions beyond the high-temperature oscillations, it turns out that
such events affect 23% of the atoms belonging to Ge;Sb,Te, but
only 4% of the Sb,Te; atoms. The fraction is especially high for
Ge atoms (37%), as reflected by the mean square displacements
shown in Figure 2a.

After 110 ps, a region of pronounced disorder starts to grow
inside the Ge;Sb,Te, block near the upper vdW gap. Not surpris-
ingly, melting affects the whole supercell within a couple of pico-
seconds at a temperature of 1500 K. Since the high temperature
is only needed to trigger the melting process, it is in the following
gradually lowered. To this end, the trajectory is monitored: Once
the molten region inside the Ge;Sb,Te4 block grows critically

Figure 1. a,b) Crystalline 360-atom models of the superlattices without (a) and with (b) twinning. The periodic supercells contain Ge (blue), Sb (yellow),
and Te atoms (green) in alternating sequences of rhombohedral Ge;Sb,Te, and Sb,Te;. The model with twinning comprises changes in the ABCABC

stacking direction at the vdW gaps.
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Figure 2. a) Mean square displacements of the atoms showing the pronounced premelt disorder in the Ge;Sb,Te, layer during the first phase of the
simulation. Each of the 12 curves represents the average over the 30 atoms initially belonging to the same atomic layer in the perfectly crystalline super-
lattice. The order of the legend entries reflects the sequence of atomic layers, and the left column in the legend corresponds to the Ge,Sb,Te, layer. For a
better visual impression, the trajectory has been smoothened with a 3 ps sliding window before calculating the displacements. b) Evolution of the layer-
averaged g, showing the melting process of the superlattice. The blue color corresponds to the crystalline phase, whereas the red bins correspond to
molten regions. Vertical lines mark the three abrupt quenches in the target temperature of the thermostat that are necessary to guide the model into a
partially liquid (Ge;Sb,Tey), partially crystalline (Sb,Te;) state. The bins along the z-axis are chosen to best capture the individual atomic planes of the

initially crystalline superlattice. c) Final state of the partly amorphous, partly crystalline superlattice quenched to 0 K.

and starts to affect the rest of the system, the simulation is split
into several branches with various lower thermostat tempera-
tures. In addition to higher-T branches that lead to a complete
melt and lower-T branches where the system recrystallizes, there
are thermostat settings that keep the region inside the Ge;Sb,Te,
block liquid while preventing the disorder from expanding over
the whole supercell. At the start of a new branch, the target tem-
perature is lowered abruptly (leading to high but finite effective
quenching rates since it takes time for the system to reach the
new target temperature). This procedure is repeated several
times. After three quenches, which are performed at 115, 125,
and 177 ps, respectively, and lead to a maximum effective
quenching rate of 25Kps ', the system has cooled below
900 K and transitioned into a partially liquid (Ge;Sb,Tey), par-
tially crystalline (Sb,Tes) state. Figure 2b shows the layer-wise
evolution of an order parameter discriminating between crystal-
line-like and liquid-like or amorphous-like atoms. A subsequent
simulation at around 825 K assures that the system can maintain
this phase over a period of at least 200 ps. The evaluation of
atomic mean square displacements in the two different regions
of the cell during this time span gives an estimate for the diffu-
sion coefficient in the Ge;Sb,Te, region of 3 x 1071 m?s71,
whereas the solid Sb,Tes; QL only shows a small number of hop-
ping events.

By quenching down the partially liquid system at a rate
of 20Kps™!, one obtains a model containing amorphous
Ge;Sb,Te, and crystalline Sb,Te; as shown in Figure 2c.
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To improve the statistics, ten more quenches starting from
the partially liquid model at different frames are performed, each
leading to a different, partially amorphous system.

On the basis of the partial pair-correlation functions of the
amorphous material (see Figure S1, Supporting Information),
which are computed with a scheme that takes into account
the finite thickness of the relevant region in z-direction, the
cutoffs necessary for bond-geometry analyses are defined. As
an example for the structural properties of amorphous GST,
the coexistence of octahedrally and tetrahedrally bonded
Ge atoms®" is checked via the bond-order parameter
q=1—(3/8)3[1/3 + cos(6y)]2,** which gives 0.625 for an
undistorted, fourfold octahedral environment and 1.0 for a per-
fectly tetrahedral coordination. The distribution of this parameter
is shown in Figure S2, Supporting Information. With g=0.8 asa
threshold, 17% of all Ge atoms are found to be bonded tetrahe-
drally, comparing to 33% in bulk amorphous Ge,Sb,Tes.*”! The
correlation between tetrahedral motifs and homopolar bonds
(Ge-Ge and Ge-Sb) is clearly observed, as well: the fraction of
Ge atoms with at least one homopolar bond rises from 35%
to 67% if only tetrahedral Ge is considered; the stabilizing role
of homopolar bonds for tetrahedral (sp*) bonding??”***" is thus
confirmed in our models.

Having found evidence for the partial amorphization of thin
rhombohedral Ge;Sb,Te, between Sb,Te;—at least for manual,
adaptive quenching—it remains to be investigated how crystalli-
zation at elevated temperatures proceeds. The system is heated to

© 2020 The Authors. Published by Wiley-VCH GmbH
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~600 K, analogously to the study by Ronneberger et al.**! who
simulate the crystallization of amorphous Ge,Sb,Tes from a
crystalline matrix and obtain growth velocities on the order of
vg=1m s~ ! at this temperature.

The local “dot-product” parameter g, **3% is used to
distinguish crystalline from amorphous-like atoms, see the
Computational Details section. Figure 3 shows the trajectory
on the basis of five screenshots chosen to represent the principal
stages of the process. The main crystallization event commences
at =150 ps and then proceeds extremely fast within another
150 ps. The most conspicuous feature is a “bridge”, see frame
175 ps, that spontaneously forms and connects the top of the
Ge;Sb,Te, layer with a small region of ordered crystalline motifs
in the lower half of the Ge;Sb,Te, layer. This region can be iden-
tified in the background in frame 150 ps. Further crystallization
manifests itself as a widening of the bridge, which proceeds until
only few noncrystalline atoms remain (frame 300 ps).

The final structure reflects an aspect that is already present in
the initial, partly amorphous configuration, namely, a high
concentration of Ge and Sb at the upper Ge;Sb,Te,~Sb,Te; inter-
face. The lower interface, on the other hand, comprises mostly Te
atoms and therefore better resembles a vdW gap with weakly
bonded Te layers. Interestingly, the observation that the major
crystallization seed starts to expand from the top of the GST layer
can be connected to the fact that the bonding of Ge and Sb atoms
to the outermost Te layer of Sb,Te; (which resembles the rock
salt-like stacking of GST) has destroyed the vdW character of
the upper interface. These additional bonds make the boundary
chemically more active and accelerate crystallization. This is in
line with the study by Feng et al.*®), where it was shown that
Sb,Te; layers can act as templates and accelerate the crystalliza-
tion of GST into a rock salt-like phase.

The initial success of bringing the superlattice into a partially
amorphous state via trajectory monitoring and adaptive quench-
ing needs to be subjected to critical testing. As a first check that is
related to the cyclability of IPCMs, the recrystallized superlattice
is heated again to simulate a second switching cycle. Due to the
considerable structural disorder in the overall crystalline model, a
temperature of about 1100 K is enough to trigger a melting event
inside the Ge;Sb,Te, block after only 15 ps. By branching and
quenching the system three times analogously to the first cycle,
the system is again successfully guided into a partially liquid
(Ge;Sb,Tey), partially crystalline (Sb,Tes) state, which is
confirmed to stably evolve at about 850 K over at least 140 ps.
After a smooth quench to room temperature, the partially amor-
phous system recrystallizes at 580K into a well-ordered

www.pss-rapid.com

crystalline state within about 500 ps. The second switching cycle
is shown in Figure S3 and S4, Supporting Information. The sim-
ulations show that initial structural disorder in the Ge;Sb,Te,
block enhances the chances of partial melting, as the energetic
barrier to overcome is considerably lowered and, from a technical
point of view, more modest temperatures are sufficient to trigger
the relevant events in a feasible time.

However, a second, independent attempt to partially amorph-
ize the superlattice, starting from the perfect crystal, is less prom-
ising: Although melting starts again within the Ge;Sb,Te, block,
no adaptive quenching procedure is able to melt this block while
leaving Sb,Te; intact. That even the manual branching method
yields no positive result challenges the possibility of reproducible
partial melting of the heterostructure. Moreover, although two
switching cycles have been successfully performed on the super-
lattice, it is yet unclear if this would have been possible without
active monitoring and adaptive quenching.

To answer this question, there is need for a systematic study
that entails no manual intervention and allows to estimate the
chances of partial amorphization from unbiased molecular
dynamics runs. For this purpose, a very large set of simulations
is conducted, each representing a side branch that starts from the
original superlattice simulation during the premelting phase and
undergoes a ramped quench. The onset time of the quench is
varied in steps of 5 ps between the 70 ps and the 100 ps frame,
and five quenching rates between 1 Kps™' and 5 K ps~" are used
for each onset.

Figure 4a schematically shows the final states of the various
simulations, which either end up completely crystalline or
completely liquid. Although the Ge;Sb,Te; block is more
strongly characterized by disorder than the Sb,Te; QL in virtually
all runs, and although almost all melting processes originate
from somewhere in Ge;Sb,Te, (an exception being the trajectory
in Figure 4b-iii), a stable separation into a liquid and a solid layer
is observed in none of the 35 quenches. For each quenching rate
and for each onset time (except for the branch starting at 75 ps),
one finds simulations with either of the two possible outcomes,
with a trend promoting melting for smaller quenching rates and
later onset times. The fragility of the desired, partially liquid state
cannot be practically overcome without further tuning the onset
and quench rate, which, however, would again clearly bias the
search toward a “successful” trajectory.

Whereas the superlattice considered here comprises vdW gaps
that preserve the energetically preferred ABC stacking across the
Te-Te layer boundary, stacking faults and twinning can fre-
quently occur in heterostructures according to the study by

Figure 3. Screenshots of the superlattice during recrystallization. The figure shows, from left to right, the state of the model at 150, 175, 200, 275, and

300 ps after starting the high-temperature simulation (about 600 K). In the first four screenshots, atoms are colored according to their values of g4

(blue: crystalline-like and red: amorphous-like).
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Figure 4. a) “Destiny map” depicting the final state (blue: crystalline and red: liquid) of each of the 35 unbiased quenches. b) Exemplary evolutions of g4
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from the unbiased simulations. The simulations include, e.g., i) temporary disorder in Ge;Sb,Tey, ii) melting that starts from inside Ge;Sb,Te,, and
iii) melting that starts from regions around the vdW gaps. ) Evolution of the layer-averaged q,°° showing the melting process of the first of two super-
lattice models containing twinning at the vdW gaps. The same color bar as in Figure 2b applies.

Momand et al." Both features involve a deviation from
the continuous ABCABC sequence of atomic planes. Applied
to vdW gaps, we use the term “stacking fault” for a sequence that
skips an atomic position, i.e., ABCBCA, corresponding to a
layer of vacancies on an A site between neighboring Te layers.
In contrast, “twinning” expresses itself as a change of stacking
direction, i.e., ABCBA, where one of the Te layers is associated
with the C site.

To examine the influence of a “non-ABC” vdW gap, we
perform additional simulations of the supercell, but with the
stacking direction of the Ge;Sb,Te, layer reversed. In this
way, both vdW gaps exhibit twinning with changes of stacking
direction occurring in the outer Te planes of Ge;Sb,Tey. The
model is shown in Figure 1b. Stacking faults cannot be inserted
in our models because they require three or more gaps.

The evolution of disorder in one of two 1500 K runs is shown
in Figure 4c (the second run is shown in Figure S5, Supporting
Information). It is evident that the absence of octahedral coordi-
nation around the outer Te atoms leads to relatively low order
around the vdW gaps from the very beginning. It is observed
in both runs that the critical melting seed originates from one
of the gaps and grows into both Ge;Sb,Te; and Sb,Tes, even
if an adaptive quenching procedure is used. At least in the second
run, the GST block is affected earlier than the QL; however, any
attempt to promote partial amorphization via the branching pro-
cedure fails as Sb,Te; does not withstand the established disor-
der at its boundary. These observations strongly suggest that the
frequent phenomenon of layering disorder destabilizes atomic
layers on both sides of the vdW gaps at high temperatures
and, hence, further prevents partial amorphization.

In summary, we have performed AIMD simulations of a
Ge;Sb,Te,—Sb,Te; heterostructure to examine its melting
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behavior under high temperatures. In particular, the aim has
been to assess the chances of partial amorphization of the thin
GST sublayers as proposed in the study by Momand et al."* to be
the relevant mechanism in the fast and efficient switching pro-
cesses observed in IPCMs in the study by Simpson et al.l”

In a first successful attempt, it has been possible to guide a
12-layer superlattice from a fully crystalline phase into a metasta-
ble, partially liquid (Ge;Sb,Te,), partially crystalline (Sb,Tes)
state following an adaptive quenching procedure. In this and
all following simulations, we have found strong evidence that
the Ge;Sb,Te, layer is more prone to melting than the QL. By
analyzing the trajectories and mean square displacements, we
have shown that this process is triggered by the high mobility
of Ge atoms.

Although the adaptive quenching procedure allowed even a
second cycle comprising partial melting, amorphization, and
recrystallization, further quenches have shown that the manual
intervention in the adaptive quenches was the decisive factor in
establishing the fragile equilibrium of a nanometer-thick, crystal-
line Sb,Te; QL and a liquid Ge;Sb,Te, layer. It is true that a lig-
uid-solid coexistence, once obtained in a biased procedure, was
maintained for several hundreds of picoseconds; however, no
evidence was found that a single QL of Sb,Te; can remain solid
upon an onset of melting in the adjacent Ge;Sb,Te, layers in
unbiased simulations. Furthermore, we have found that the
presence of layering disorder at the vdW gaps [which is
frequently observed in scanning transmission electron micro-
scopy (STEM) experiments] further reduces the chance of partial
amorphization.

The findings support the view that single QLs of Sb,Te; are
not robust enough to serve as crystalline spacers between actively
switching GST layers. In other words, our simulations indicate

© 2020 The Authors. Published by Wiley-VCH GmbH
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that IPCMs, i.e., superlattices that have unambiguously been
shown in experiments!™ to reconfigure into a heterostructure
of rhombohedral GST and Sb,Te;, probably do not owe their
exceptional performance to partial amorphization of thin layers.
Instead, the switching mechanism probably involves crystalline—
crystalline transitions that preserve the GST-Sb,Te; heterostruc-
ture," e.g., models based on bilayer inversion.'”~2%

Strictly speaking, this deduction holds only if GST layers alter-
nate with single Sb,Te; QLs in an IPCM, for a sequence of QLs
might turn out to better withstand melting than a single one.
The superlattice reported in the study by Simpson et al.”! has an
overall stoichiometry of (GeTe), + (Sb,Tes)s. Considering the
thermodynamically preferred intercalation of GeTe into
Sb,Te;,**) it can be assumed that the superlatticel”! comprises
either alternating layers of single Ge;Sb,Te, and single Sb,Tes;
alternating layers of (Ge;Sb,Tes), and (Sb,Te;),; single
Ge,Sb,Tes and (Sb,Te;)s; or a combination thereof. It would thus
be interesting to investigate larger (and computationally more
demanding) models containing a sequence of 2 or 3 Sb,Te;
QLs, although we believe it is likely that such models would also
melt down completely in unbiased simulations, especially if they
contain stacking disorder in the form of twinning.

It should be stressed that several approximations were made
in our simulations. First of all, finite-size effects are significant,
since our models contained 360 atoms. Furthermore, the models
were heated at 1500 K to accelerate the melting process: This
temperature is much higher than the experimental melting
temperature of both bulk Ge;Sb,Te, and Sb,Te; and can make
the Sb,Te; QL more prone to melting, even if the temperature is
rapidly quenched after the disordering of the Ge;Sb,Te4 block.
Third, we used a global thermostat ensuring a uniform tempera-
ture. Other nonequilibrium effects, e.g., due to electric fields can
in principle also play a role in the layered PCMs considered in
this article. Therefore, further simulations going beyond these
approximations would be needed to completely rule out the pos-
sibility of partial melting.

Computational Details

All simulations were performed with the CP2K suite of programs® in
which the Quickstep®”) code is implemented using a mixed Gaussian and
plane waves density functional theory (DFT) scheme.® The Kohn-Sham
states were expanded in a TZVP basis of Gaussian-type orbitals, and the
plane waves for the density were cut off at 300 Ry. We used the Perdew—
Burke—Ernzerhof functional based on the generalized-gradient approxima-
tion®® in combination with the empirical density functional theory-D2
dispersion correction!® and scalar-relativistic Goedecker-Teter—Hutter
pseudopotentials.*'! The Brillouin zone was sampled at the I point only.
The molecular dynamics time step was 2 fs.

To determine the theoretical volume of the 360 atom models of
Ge Sb,Te,~Sb,Tes with or without twinning, the systems were relaxed
in NPT simulations at 300K and O Pa using Born—Oppenheimer
AIMD. All other simulations were performed in the Langevin ensemble
using the efficient “second-generation” Car—Parrinello-like approach
to AIMD.[*4

Our scheme to compute partial pair-correlation functions for the
amorphized Ge;Sb,Te,4 region accounts for the finite thickness of the layer.
Atoms belonging to the crystalline Sb,Te; QL are ignored when building
the histogram of particle—particle distances r. To restore the correct long-
distance behavior of a correlation function, the histogram is normalized
with respect to only that part of the surface of the sphere that lies inside
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the Ge; Sb,Tey layer, i.e., 2zrh where h is the height of the sphere, the
spherical cap, or the spherical segment.

To distinguish between crystalline and disordered structures on the
atomic scale, we made use of the local bond-order correlation parameter
44°° 4 Given an atom, this quantity measures correlations in the posi-
tions of close-by atoms and, as a second step, correlates the obtained
measure again with those of neighboring particles. The result is equal
or close to one for a perfect crystal, whereas it assumes much lower values
for atoms in liquid or amorphous environments.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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