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Ab Initio Study of Novel Phase-Change Heterostructures

Riccardo Piombo, Simone Ritarossi, and Riccardo Mazzarello*

Neuromorphic devices constitute a novel approach to computing that takes
inspiration from the brain to unify the processing and storage units.
Memories based on phase-change materials (PCMs) are potential candidates
for such devices due to their non-volatility and excellent scalability, however
their use is hindered by their conductance variability and temporal drift in
resistance. Recently, it has been shown that the utilization of phase-change
heterostructures consisting of nanolayers of the Sb2Te3 PCM interleaved with
a transition-metal dichalcogenide, acting as a confinement material, strongly
mitigates these problems. In this work, superlattice heterostructures made of
TiTe2 and two prototypical PCMs, respectively GeTe and Ge2Sb2Te5 are
considered. By performing ab initio molecular dynamics simulations, it is
shown that it is possible to switch the PCMs without destroying the
superlattice structure and without diffusion of the atoms of the PCM across
the TiTe2 nanolayers. In particular, the model containing Ge2Sb2Te5 shows
weak coupling between the two materials during the switching process,
which, combined with the high stability of the amorphous state of Ge2Sb2Te5,
makes it a very promising candidate for neuromorphic
computing applications.

1. Introduction

The current information technology era is witnessing an un-
precedented increase in the global demand for data storage and
processing, driven by data-centric computation, artificial intelli-
gence, and mobile electronics. It has become apparent that tradi-
tional computing devices, which are based on the von Neumann
architecture, cannot cope with this demand. This architecture
creates a performance bottleneck due to the physical separation
of the processing and memory units, which requires a constant
back-and-forth data transfer between these units. Thus, there is
a pressing need to develop new computing architectures beyond
the von Neumann paradigms.
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Neuromorphic computing is an auspi-
cious approach that emulates the behav-
ior of the brain to achieve the unifica-
tion of computing and storage,[1] which
would enable to overcome the von Neu-
mann bottleneck. Neuromorphic comput-
ing encompasses several concepts and tech-
nologies such as in-memory computing,
deep neural networks (NNs), and spiking
NNs.[2–4] Although a great deal of progress
has been made in implementing these con-
cepts using standard CMOS technology,[4–6]

resistance-based memories, such as phase-
change memories,[7,8] offer key advantages
such as non-volatility and potentially supe-
rior scalability.[4]

Phase-change memories exploit the abil-
ity of phase-change materials (PCMs) to
switch rapidly and reversibly between a
crystalline and an amorphous state, exhibit-
ing pronounced resistivity contrast. The
transitions are induced by applying proper
electrical pulses to the memory cells to in-
crease their temperature via the Joule ef-
fect. Furthermore, partly amorphous, partly

crystalline intermediate states can be obtained by tuning the
height and width of the pulses. The combination of these prop-
erties and the non-volatility makes PCMs suitable for in-memory
computing applications[4] and for emulating integrate-and-fire[9]

and synaptic behavior.[10]

However, the intercell and intracell conductance variability and
the resistance drift of the amorphous state are serious draw-
backs. The cell variability originates from the atomic migration
induced by the electrical pulses and the statistical variability of
crystallization.[11,12] In contrast, the temporal drift of the resis-
tance is due to the structural relaxation (aging) of the amorphous
phase. These drawbacks can be partly cured by a clever device
setup.[13,14]

Recently, Ding et al. proposed a novel type of phase-change
cell to surmount these problems.[15] This cell contains a phase-
change heterostructure (PCH), which consists of alternately
grown nanolayers of a switchable PCM and a confinement ma-
terial (CM). They chose Sb2Te3 as PCM and the transition-metal
dichalcogenide TiTe2 as CM. Due to the higher melting point of
TiTe2 with respect to Sb2Te3, the CM layers remain crystalline
during cycling and prevent the atomic migration along the puls-
ing direction, whereas the nanoconfinement of the PCM sup-
presses structural relaxation. As a result, cell variability and drift
are significantly reduced, as compared to cells based on standard
PCMs, enabling the implementation of robust and accurate iter-
ative RESET and cumulative SET operations. Furthermore, the
cycling endurance is improved. PCH cells also show improved
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Table 1. SC lattice parameters of the two PCHs after cell optimization at
T = 0 K. a, b, and c represent the module of the SC lattice vectors. The
parameters 𝛼, 𝛽 and 𝛾 are the SC angles. ”Replicas” indicates the number
of PCM (CM) building blocks considered to minimize the lattice mismatch
between the CM and PCM blocks. We also indicate the total number of
atoms in each PCH and the percentage of in-plane strains. All the distances
are expressed in Å units.

GST-225/TiTe2 GeTe/TiTe2

a 30.07 33.56

b 30.07 33.56

c 24.86 22.41

𝛼 90° 90°

𝛽 90° 90°

𝛾 120° 120°

Replicas 7 × 7 (8 × 8) 8 × 8 (9 × 9)

Tot atoms 633 755

Strain 1% 0.3%

SET speed and lower programming energy than GeSbTe-based
cells, which stems from the faster crystallization of Sb2Te3, the
thinness of the active layers and the ability of TiTe2 to act as ther-
mal barrier due to its low thermal conductivity, effectively sup-
pressing the vertical heat loss during programming.

While these results are promising, there is still consider-
able room for improvement by employing carefully designed
CM/PCM material combinations. For instance, PCHs based on

pure Sb2Te3 suffer from inadequate data retention for some ap-
plications, due to insufficient stability of the amorphous phase.
In this computational work we consider superlattice PCHs con-
taining TiTe2 as CM and Ge2Sb2Te5 (GST-225) or GeTe as PCMs,
which are known to have a very stable glassy state at ambient con-
ditions.

2. Crystalline PCHs

Our analysis begins by examining the structural properties of the
fully crystalline PCHs at 0 K. Since we employ density-functional-
theory (DFT) codes based on periodic boundary conditions, we
investigate superlattice heterostructures that exhibit periodicity
along the vertical direction as well. To minimize the lattice in-
plane mismatch between the PCM and the CM building blocks,
we utilize large supercells (SC). Table 1 showcases the size of the
SCs and the percentage of the in-plane strain of the PCMs. Our
models have a single trilayer of TiTe2 acting as the CM. The GST-
225 slab comprises 441 atoms arranged in nine atomic layers,
corresponding to the basic building block of the hexagonal phase.
It is stacked as in the Kooi-De Hosson phase,[16] namely Te–Sb–
Te–Ge–Te–Ge–Te–Sb–Te. The GeTe slabs contain 512 atoms ar-
ranged in four bilayers. The direction perpendicular to the bilay-
ers corresponds to the [111] direction of the trigonal, ferroelec-
tric 𝛼 phase of GeTe.[17] Spatial gaps separate the CM and PCM
blocks, as shown in Figure 1. We refer to these gaps as van der
Waals (vdW) gaps.

Figure 1. The structures to the left of the arrow are the crystalline models of GST-225/TiTe2 (upper) and GeTe/TiTe2 (lower) PCHs after geometry
optimization at T = 0 K. On the very left the crystalline building blocks used to construct the PCH models are depicted. Starting from top to bottom
the GST-225, TiTe2 and GeTe blocks are shown, respectively. The structures to the right of the arrow are the partially melted models of GST-225 and
GeTe/TiTe2 at T = 1300 K. We depict Te, Ti, Ge, and Sb atoms in yellow, brown, red, and cyan, respectively.
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Table 2. Thicknesses L(1)
GAP and L(2)

GAP of the first and second vdW gap at T = 0 K (crystalline PCM), 600 K (crystalline PCM), 1300 K (liquid PCM) and 300

K (amorphous PCM) in the two PCHs. As regards the GeTe-based structure, L(1)
GAP refers to the Te-Te interface, while L(2)

GAP refers to the Ge-Te interface.
All the thicknesses are expressed in Å units.

0 K (crystalline) 600 K (crystalline) 1300 K (liquid) 300 K (amorphous)

GST-225 GeTe GST-225 GeTe GST-225 GeTe GST-225 GeTe

L(1)
GAP 3.43 3.37 3.38 3.23 3.18 3.13 3.48 3.25

L(2)
GAP 3.45 2.72 3.36 2.73 3.16 3.18 3.23 3.36

We use the QUICKSTEP code in the CP2K package[18] to op-
timize the internal structure and the lattice parameters of the
PCHs. To that aim, we also use scalar-relativistic Goedecker-
Teter-Hutter (GTH) pseudopotentials.[19] In Section S1 (Support-
ing Information) we report all the computational details. In
Figure 1, we present the two relaxed heterostructures and in
Table 1 their resulting lattice parameters.

It is well known that pure Perdew-Burke-Ernzerhof (PBE) cal-
culations yield too large vdW gaps in bulk GST-225 and TiTe2
and, thus, too large lattice parameters c. To accurately depict the
chemical interactions in the vdW gaps, here we complement the
PBE functional with Grimme-D3 (PBE-D3) vdW corrections.[20]

First, we calculate the theoretical equilibrium lattice parameters
of the two bulk models at 0 K by performing cell relaxation. For
GST-225, we obtain: a = 4.32 Å and c = 17.50 Å (PBE) and a =
4.35 Å and c = 17.05 Å (PBE-D3), to be compared with the exper-
imental data at 300 K[16]: a = 4.2 Å and c = 17.2 Å . Taking into
account that the coefficient of thermal expansion of GST-225 at
200 °C is equal to 1.74 × 10−5K−1 (see ref. [21]), the lattice param-
eters at ambient temperature should differ from the 0 K values by
at most 1 %. Thus, the PBE-D3 c parameter is in very good agree-
ment with the experimental one (there are minor discrepancies
concerning the a parameter but this is somewhat less important,
since a small planar strain was induced in our superlattice mod-
els to match it with that of the CM). With regards to TiTe2, PBE-
D3 provides an excellent description of its structural properties,
in contrast to pure PBE. In fact, our simulations yield: a = 3.81
Å and c = 6.74 Å (PBE) and a = 3.79 Å and c = 6.56 Å (PBE-
D3), while the experimental parameters are ref. [22]: a = 3.78 Å
and c = 6.5 Å (PBE). We note that the PBE-D2 correction[23] gives
similar lattice parameters as PBE-D3 for these two layered com-
pounds (see Supporting Information). Since, we study not only
crystalline PCHs but also partly liquid or amorphous structures
with disordered interfaces, we choose the D3 correction because
it uses structure-dependent dispersion coefficients, which should
ensure wider applicability.

After the lattice parameters’ optimization, the two PCHs
display significant differences near the vdW gaps. The GST-
225/TiTe2 PCH exhibits nearly perfect gaps, with a weak chem-
ical interaction of 108 meV per atom between the Te atoms on
the two sides of the vdW gap. This behavior is due to the layered
structure of both GST-225 and TiTe2. In contrast, the interaction
at the interfaces between the GeTe and TiTe2 blocks is stronger
(182 meV per atom), and the atomic planes near the gaps show
non-negligible corrugation (first two columns of Table 2). This
fact is also expected, as GeTe is a “three-dimensionally bonded”
material,[24,25] hence the interface layers of the GeTe block should

be more reactive than those of the GST-225 block. Furthermore,
in the GeTe/TiTe2 model, the two vdW gaps are structurally and
chemically asymmetric: one consists of two Te planes, whereas
the second one includes a Te plane facing a Ge plane.

Subsequently, we conduct ab initio molecular dynamics
(AIMD) simulations in the canonical ensemble (NVT) employ-
ing Born-Oppenheimer molecular dynamics and the second-
generation Car-Parrinello molecular dynamics developed by
Kühne et al.[26] We describe the AIMD simulations’ protocol in
Section S2 (Supporting Information). We set the temperature to
600 K, which is lower than the melting points of bulk GST-225,
bulk GeTe (900 and 998 K, respectively) and bulk TiTe2 (1470 K).
Despite the system remains crystalline, the vdW gaps decrease
due to thermal disorder, as noted in Table 2. The vdW gaps in the
GST-225 structure shrink and remain spatially symmetric on av-
erage. However, in the GeTe-based structure the increase in tem-
perature dose not reduce the gap of the Ge-Te interface due to the
presence of relatively strong chemical interaction. In Section S3
(Supporting Information), we provide a detailed analysis of the
temperature-induced changes in the vdW gaps.

3. Partial Melting

We carry out AIMD simulations of melting of the confined PCMs
in order to study the RESET process characterizing the devices
based on PCHs. In this way, we also assess the stability of the
superlattice structure at temperatures higher than the melting
temperatures of the two PCMs. We find it particularly interest-
ing to observe the behavior of the GeTe/TiTe2 PCH as it displays
significant chemical interaction across the vdW gaps in the crys-
talline state.

As we describe in Section S2 (Supporting Information), we
raise the temperature from 600 to 1700 K and we run a 10 ps
simulation at this temperature to rapidly achieve melting. We
underline that the crystalline structure of the CM remains sta-
ble during this short run, even though the temperature is higher
than its melting temperature. Afterward, we decrease the temper-
ature to 1300 K, which leads to the complete melting of the PCMs
in about 70 ps. In Figure 1, we show a snapshot of these phases,
where the liquid-disordered structure of the confined PCMs is
evident along with the crystalline structure of the CM.

At T = 1300 K, we observe further changes in the vdW gaps.
In GST-225/TiTe2 PCH the thickness of the vdW gaps decreases
while in the GeTe/TiTe2 PCH, the two vdW gaps become more
symmetrical than those observed at T = 0 and 600 K (see Table 2).
Furthermore, in the two regions of the GeTe slab near the vdW
gaps, we find a concentration of Te atoms above 50%. Specifically,
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Figure 2. g(r) of the CM (TiTe2) inside the two PCHs at T = 600 K and
T = 1300 K. The orange curve referring to the CM in the GST-225/TiTe2
structure at T = 600 K is basically indistinguishable to the one relative to
the GeTe/TiTe2 PCH at T = 600 K (not shown). The blu and cyan curves
refer to the GeTe/TiTe2 and GST-225/TiTe2 structures at T = 1300 K.

we define these two regions based on the widths of the outermost
peaks of the atomic density profiles 𝜌(z) (discussed in more de-
tails in Section IIIB and Section S3 of Supporting Information).
The average populations obtained are 103 Te atoms (40.6% of the
total Te atoms in the GeTe slab) and 74 Ge atoms (32.8%), corre-
sponding to a local stoichiometry of Ge4.18Te5.82. The latter find-
ing is also reported in ref. [27], where a superlattice consisting of
switching GeTe layers and artificial slabs of CMs made of frozen
bilayers of crystalline GeTe is considered. As regards the GST-
225/TiTe2 structure, the PCM regions facing the gaps have only
a slight excess of Te atoms, corresponding to the stoichiometry
Ge1.78Sb1.84Te5: the average populations are 87 Te atoms (35.1%),
31 Ge atoms (22.4%), and 32 Sb atoms (32.7%).

3.1. Structural Properties

After thermal equilibration, we analyze the structural properties
of the two PCHs at T = 1300 K by computing various correlation
functions. First, we consider the total radial distribution function
(RDF) g(r), defined as:

g(r) = V
N2

⟨∑
i

∑
j≠i

𝛿(r − rij)
⟩

(1)

In Equation (1), N represents the number of atoms in the sys-
tem, V is the SC volume, i and j are atomic indexes, and the brack-
ets denote an average over all particles and configurations gener-
ated with the AIMD simulations.

In Figure 2, we report the TiTe2 RDFs for the two PCHs at
T = 600 K and T = 1300 K. It clearly shows that the TiTe2 tri-
layer remains in its crystalline state throughout the process de-
scribed in the previous Section. At T = 1300 K, the RDF’s peaks
appear slightly broader due to increased thermal motion of the
CM atoms. Hence, we can conclude that the partial-melting pro-

cess does not have a destabilizing effect on the two PCHs within
the time scales that are accessible by our simulations.

Our investigation continues with the analysis of the confined
liquid PCMs (l-PCMs) in the heterostructures. We carry out a
comparative analysis of their total g(r) and partial radial distri-
bution functions (pRDFs) g𝛼𝛽(r), where 𝛼 and 𝛽 represent atomic
species, with those of their corresponding bulk models that we
derive from separate AIMD simulations. We construct the crys-
talline SCs of the bulk models by periodically repeating along the
c direction the crystalline PCM slabs taken from the correspond-
ing PCHs. Then we melt down these systems following the same
protocol used for PCH models and reported in Section S2 (Sup-
porting Information).

We analyze the various pRDFs of the confined PCMs to check
that they are indeed in the liquid phase. Then, we analyze their
structural features against their bulk equivalents. By pointing out
that dn𝛼𝛽 (r) is the number of atom pairs (𝛼, 𝛽) at a distance rang-
ing from r to r + dr and 𝜌𝛽 is the atomic density of 𝛽 species we
can define a pRDF g𝛼𝛽 (r) as:

g𝛼𝛽 (r) = 1
𝜌𝛽

dn𝛼𝛽 (r)

4𝜋r2dr
(2)

During our investigation, we utilize numerical differentiation
to obtain the first maxima r̄ and minima rcut of the various
pRDFs. These values correspond to the most probable atomic
bond lengths and the size of the first coordination shell, respec-
tively. If a pRDF does not exhibit any minimum up to 3.5 Å, we
set rcut to this value. We note that the RDFs and pRDFs of the
confined and bulk l-PCMs cannot be directly compared because
of the different SC volumes involved. However, it is meaningful
to compare the partial and total coordination numbers (CNs). To
find the partial CNs N𝛼𝛽 , we integrate the pRDFs up to rcut, as per
Equation (3):

N𝛼𝛽 = 4𝜋𝜌𝛽 ∫
rcut

0
g𝛼𝛽 (r) r2dr (3)

All the rcut values are listed in Table 3. From Equation (3) we
can define the total CN for atomic species 𝛼 as N𝛼 = ∑𝛽N𝛼𝛽 . We
provide the pRDFs of confined and bulk l-GST-225 and l-GeTe
in Figure 3. Additionally, we list all their total and partial CNs in
Table 4.

We find that, in all cases, the main features of the RDFs and
pRDFs for the confined and bulk l-PCMs are similar, including
the positions of the maxima. Moreover, the bulk l-GST-225 and
bulk l-GeTe g(r)’s show almost identical behavior to the one re-
ported in ref. [28, 29].

As far as confined l-GST-225 is concerned, the absolute max-
ima of the g𝛼𝛽 (r)’s fall within the range of 2.75 to 3 Å for most
pairs. In particular, Ge-Ge, Ge-Te, and Ge-Sb pRDFs show peaks
at 2.75 , 2.8, and 2.9 Å, and their magnitude indicates the pres-
ence of a sizable number of such bonds. On the contrary, the
Te-Te pRDF has a broad peak around 4 Å, which is slightly more
prominent than the one of the bulk system. The Ge-Te and Sb-
Te pRDFs display a shoulder at distances exceeding 3.5 Å rather
than a minimum. The first minimum is observed for all other
pairs at distances greater than 3.5 Å, except for the Ge-Ge case,
where the minimum is located at 3.4 Å. Consequently, the total
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Table 3. First maxima (r̄) and first minima (rcut) of the pRDFs of the con-
fined l-GST-225 and l-GeTe and their bulk counterparts at T = 1300 K. All
the distances are expressed in Å units.

GST-225 GeTe

Conf Bulk Conf Bulk

r̄Ge−Ge 2.75 2.77 2.7 2.7

rcut
Ge − Ge 3.4 3.4 3.4 3.4

r̄Ge−Te 2.8 2.86 2.8 2.8

rcut
Ge − Te 3.5 3.5 3.5 3.5

r̄Te−Te 4.0 4.0 4.0 4.0

rcut
Te − Te 3.5 3.5 3.5 3.5

r̄Ge−Sb 2.9 2.89 / /

rcut
Ge − Sb 3.5 3.5 / /

r̄Sb−Sb 3.02 3.04 / /

rcut
Sb − Sb 3.5 3.5 / /

r̄Sb−Te 3.01 3.07 / /

rcut
Sb − Te 3.5 3.5 / /

RDF shows a first peak centered at 3 Åwith a shoulder around
4 Å. This trend aligns with that reported in ref. [28].

In confined l-GeTe, the Ge-Ge and Ge-Te pRDF exhibit their
first maxima at 2.7 and 2.8 Å. The second value is comparable
to the short Ge-Te bond length of 𝛼-GeTe at room temperature,
where each Ge and Te atom has three shorter (2.8 Å) and three

longer (3.2 Å) bonds.[17,30,31] The Te-Te pRDF main peak is cen-
tered around 4 Å and envelops the entire second coordination
shell in this model too. As a result, the total RDF of l-GeTe dis-
plays a first peak at smaller radii but a shoulder at similar radii
in comparison with the l-GST-225 RDF. This trend is consistent
with the findings of ref. [29].

Table 4 lists all the CNs obtained by means of Equation (3).
There the wording “Conf+” refers to the case where the Te atoms
of the CM are included for the calculation of the CNs. In the lat-
ter case, the values of NX − Te, where X stands for Ge, Sb, or Te,
increase slightly but not significantly, indicating weak interaction
between the confined l-PCMs and the CM even at 1300 K. We no-
tice slightly lower CNs for the confined l-PCMs compared to the
bulk case. Table 4 shows that in confined l-GST-225, Ge and Sb
mainly form bonds with Te. The total and partial CNs for bulk
l-GeTe and l-GST-225 are larger than those reported in refs. [28,
29] for T = 1250 K. The primary reason for this discrepancy is
the choice of the cutoff radii, which, in those works, are smaller
than the ones in Table 3. In Section S4 of (Supporting Informa-
tion) we provide the CNs as a function of the radius rcut: using the
same values of refs. [28, 29], we obtain similar CNs to the ones
indicated in those works, except for the Te-Te case. The remain-
ing differences can be ascribed to the slightly different volumes
involved (for instance, when constructing the bulk GST-225 SC,
we choose the theoretical equilibrium density of 0.031 atomÅ−3
at T = 0 K, whereas in ref. [28, 29] the experimental value of 0.030
atomÅ−3 is selected) and the use of a different method to describe
vdW interactions (D3 correction vs. ab initio DF2[32]).

Figure 3. The left plots depict the pRDFs (solid lines) and total (dashed line) RDF of l −GST-225 at T = 1300 K in the confined (upper plot) and bulk
(lower plot) cases. The right plots depict the pRDFs (solid lines) and total (dashed line) RDF of l −GeTe at T = 1300 K in the confined (upper plot) and
bulk (lower plot) cases.
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Table 4. Average partial and total CNs of the l-PCM atoms at T = 1300 K. The word “Bulk” refers to the bulk models, whereas “Conf” (“Conf+”) refers to
the l-PCM slabs in the PCH excluding (including) the Te atoms of TiTe2.

GST-225 (1300 K)

NGe − Ge NGe − Sb NGe − Te NSb − Sb NSb − Te NTe − Te NGe NSb NTe

Bulk 0.81 0.98 3.61 1.06 3.10 1.80 5.40 5.14 4.48

Conf 0.74 0.88 3.53 1.00 3.04 1.67 5.15 4.92 4.30

Conf+ 0.74 0.88 3.78 1.00 3.21 1.68 5.40 5.09 4.48

GeTe (1300 K)

Bulk 2.36 / 3.48 / / 1.54 5.84 / 5.02

Conf 2.13 / 3.24 / / 1.29 5.37 / 4.53

Conf+ 2.13 / 3.51 / / 1.39 5.64 / 4.90

To further investigate the structural properties of confined l-
PCMs, we calculate their angular distribution functions (ADFs)
P(𝜃). These functions describe the distribution of the angles en-
closed by specific triplets of atoms. We use the term “sub-ADF”
when referring to the ADFs resolved for different central atoms.
We analyze the sub-ADFs of the two confined l-PCMs and com-
pare them with their bulk counterparts in Figure 4. We observe
that there are no significant differences between the confined and
bulk l-PCMs for any environment: a broad peak always appears
prominently at approximately 90°, and an additional shoulder is
always present at about 55°. The range of angles covered by the
peak and the average CNs in Table 4 suggest predominant defec-
tive octahedral environments.

In Section S4.2 (Supporting Information), we show the par-
tial ADFs (pADFs) of the confined l-PCMs resolved over different

Figure 4. Sub-ADFs of conf (solid lines) and bulk (dotted lines) l-GST-225
(upper plot) and l-GeTe (lower plot) at T = 1300 K. The inset of the upper
plot shows typical triangular structures in l-GST-225 responsible for the
appearance of a shoulder at 55°. A similar picture is valid for the l-GeTe
case but is not shown.

triplets of atomic species. It turns out that in both l-GST-225 and
l-GeTe all types of triplets contribute to the principal peak around
90° and the broad tail exceeding 110° angles. In both PCMs we
observe a shoulder at 55° that corresponds to edge-sharing “trian-
gles”, some of which are shown in the upper left part of Figure 4.
None of the Te− •−Te bond configurations contributes signifi-
cantly to the shoulder in the confined models. We also study the
tail of the ADFs spanning from 155° up to 180°. In particular, we
investigate almost-aligned-atomic triplets with inter-bond angles
in the range between 155°-180° with the help of angular-limited
three-body correlation functions (ALTBCs) g3(rAB, rBC):

g3(rAB, rBC) = 1


∑
i,j,k

⟨
𝛿(rAB − rij)𝛿(rBC − rik)Θ(𝛽 + 𝛾)

⟩
(4)

where Θ is the Heaviside function, 𝛾 ∈ (0, 25°), 𝛽 = 𝜋 − 𝛼, 𝛼 is
the bond angle,  = (4𝜋)2r2

ABr2
BC is the normalization factor and

the brackets denote an average over all the configurations of the
AIMD simulations. The ALTBC indicates how likely it is to find
an atomic triplet whose central atom, denoted as B, has one bond
of length rAB almost aligned with a second bond of length rBC.
Therefore, the ALTBC allows to detect the presence of Peierls-like
distortions, which consist of alternating short and long bonds on
the opposite sides of an atom. Such distortions are reminiscent of
the genuine Peierls distortions that occur in the 𝛼 phase of GeTe.

In Figure 5, we show the total ALTBCs of the two l-PCMs. All
the plots exhibit a single broad peak centered on the diagonal
(rAB = rBC), indicating that the majority of atomic triplets in con-
fined l-PCMs do not show Peierls-like distortions. The same is
true for Ge-, Te- and Sb-centered sub-ALTBCs for both systems.
However, the confined l-GeTe (lower plot) shows a more stretched
peak. The ALTBC plots of the two bulk l-PCMs do not show distor-
tions either (Section S4.3, Supporting Information). Our results
appear to be in contrast with refs. [28, 29], where two peaks off
the diagonal corresponding to Peierls-like distortions appear for
bulk l-GeTe and l-GST-225 at temperatures up to 1250 K. We at-
tribute the discrepancy to the use of the DF2 vdW functional in
refs. [28, 29].

To complete the analysis of local structures, we examine
the distributions of the Errington-De Benedetti local order
parameter[33] q, which provides information on the local

Adv. Sci. 2024, 2402375 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2402375 (6 of 14)
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Figure 5. Total ALTBC of confined l-GST-225 (left plot) and l-GeTe (right plot) at T = 1300 K.

environment of an atom. In particular, it quantifies the presence
of tetrahedral and octahedral configurations (defective or not).
The order parameter q for an atom k is defined as:

q ≡ qk = 1 − 3
8

N(b)
k
−1∑

i=1

N(b)
k∑

j≠i+1

(1
3
+ cos 𝜃ijk

)2

(5)

where 𝜃ijk is the angle formed by the lines connecting the atom
k and its nearest neighbors i and j and the sum runs over all
pairs (i, j) of atoms i, j = 1,… , N(b)

k bound to a central atom k. As
shown in Section S4.4 (Supporting Information), we found that
in l-GST-225 Ge and Sb are primarily four,five and sixfold coordi-
nated, while Te is three,four and fivefold coordinated. Similarly,
in l-GeTe Ge has coordination 4,5, and 6 and Te is mainly three,
four, and five-fold coordinated. However, we observe an increase
in the number of sixfold coordinated Te atoms with respect to
l-GST-225. In presence of fourfold coordination q = 1 identifies
perfect tetrahedral coordination, while q = 0 and sixfold coordi-
nation corresponds to a perfect octahedral structure. Defective
octahedral geometries are represented by values in the range of
(− 3, 1). It turns out that in the two confined l-PCMs, tetrahe-
dral Ge atoms are almost absent (2.6% in l-GST-225 and 1.1%
in l-GeTe) while various types of defective octahedral structures
are present, including: threefold pyramidal, fourfold planar and
non-planar defective octahedral, and fivefold defective octahe-
dral structures.

3.2. Diffusion Coefficients

To determine the self-diffusion coefficient Dz in the vertical di-
rection (referred to as the z-direction) for the two PCMs at T =
1300 K, we utilize Einstein’s formula:

Dz =
1
2

lim
t→∞

d
dt

⟨
MSDz(t)

⟩
(6)

where MSDz denotes the mean square displacements of the l-
PCMs’ atoms along the z direction. Here, the notation 〈 · 〉 in-
dicates an average over the trajectory of each atom throughout
the AIMD simulations. To obtain a reliable value for Dz, we fit
the averaged MSDz(t) using a linear function in the range where

it exhibits a linear profile with respect to time. More specifically,
the function MSDz(t) is defined as:

MSDz(t) = 1
Trun − t

Trun−t∑
i=0

[z(i + t) − z(i)]2 (7)

where Trun designates the length of the entire AIMD simulation,
z is the vertical position of a particle and i and t are time lag in-
dexes. In Equation (6), the ensemble average is evaluated by av-
eraging all contributions to the MSD in Equation (7) that refer to
the same time lag.

The formula in Equation (7) can be straightforwardly used to
analyze the global Dz value of the l-PCMs, both in the confined
and the bulk cases. Table 5 shows the resulting values of Dz. Con-
finement leads to smaller average diffusion coefficients. More-
over, we observe differences in the Dz values of the individual
atomic species in l-GeTe and l-GST-225 (see Table 5). In agree-
ment with previous work,[34] we find that Te has lower diffusion
coefficient than Ge in both models of GeTe. However, Sb turns
out to be the least mobile species in our bulk model of GST-225,
contrary to ref. [34]. On the other hand, Sb is the most mobile
species in the confined model of GST-225. We observe that con-
finement leads to a reduction in the mobility of Te atoms to less
than half of the bulk value. The reason for this decrease is a layer-
ing effect in the liquid PCM induced by the interface, as discussed
in Section S5 (Supporting Information).

To gain a more thorough understanding of the impact of con-
finement and interface effects on the diffusion, we also compute
the Dz value of the confined l-PCMs as a function of the distance
from the vdW gaps. For this purpose, some modifications to the

Table 5. Comparison of Dz values for the two l-PCMs in bulk and confined
cases at T = 1300 K. We resolved Dz over the single atomic species.

Dz × 10−10m2s−1

GST-225 bulk GST-225 conf GeTe bulk GeTe conf

Ge 44.51 26.27 48.41 25.26

Te 39.24 18.84 32.63 17.73

Sb 37.61 28.53 / /

global 40.05 22.65 40.52 21.49

Adv. Sci. 2024, 2402375 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2402375 (7 of 14)

 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202402375 by C

ochraneItalia, W
iley O

nline L
ibrary on [31/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Figure 6. Profile of the Dz self-diffusion coefficient in the PCM region for the two confined l-PCMs at T = 1300 K. These regions are divided into slabs
and the Dz values are given for each slab. The l-GeTe PCH has fewer slabs (five) than the PCH containing l-GST-225 (six). The dash-dotted lines refer

to the D(bulk)
z values listed in Table 5 and employed in Equation (8). The left and right plot refer to l-GST-225 and l-GeTe, respectively. We also report the

atomic density profiles 𝜌(z) of the two confined l-PCMs at T = 1300 K along the z direction. The l-GST-225 and l-GeTe 𝜌(z) are shown as red and orange
shaded curves, respectively. The z values increase as the slab number increases (the z axis is not shown). The peaks of the 𝜌(z) profiles define the size
of the slabs inside which the corresponding Dz coefficients are calculated.

algorithm need to be made. First, we exclude the region occu-
pied by the CM, which retains its crystalline features, as shown
in Figure (2), with vanishing self-diffusion coefficient. Then, we
partition the region occupied by the l-PCM into multiple slabs
parallel to the XY plane. The slicing is made based on the atomic
density profiles 𝜌(z) shown in Figure 6: each slab is defined as
the volume enclosed between two density minima. We obtain six
slabs in the case of l-GST-225 and five slabs for l-GeTe. The re-
sulting slabs have varying thickness, as evidenced in Figure 6:
for l-GST-225 the thickness is 4Å for the slabs close to the CM
and 3Å for the others; for l-GeTe the very central slab and the two
external ones are 4Å wide, the remaining slabs are 3 Å wide. We
define the surviving time tsurv in a slab as the average time needed
by an atom to diffuse across the slab:

tsurv =
(Δz)2

2D(bulk)
z

(8)

In Equation (8), D(bulk)
z is the value of the self-diffusion coef-

ficient along the z direction of the bulk l-PCM computed from
AIMD simulations (shown in Table 5) and Δz is the height of the
slab. Initially, we considered different tsurv values since the slabs
have different heights. In the end, we use the values obtained by
setting Δz = 3Å even for thicker slabs, since the discrepancies
are negligible. Equation (8) defines the time window in which
the MSDz(t) of each slab is to be repeatedly analyzed. For each
slab, a MSDz(t) averaged over all atoms is calculated for succes-
sive time windows lasting tsurv until covering the total simulation
time. Subsequently, we take an average over all time windows and
we obtain the Dz of a single slab. More information is provided
in Section S5 (Supporting Information).

Confinement makes the Dz of the l-PCMs to be larger in their
central region, farther away from the CM, while at the interface
with the CM Dzdecrease toward zero, as shown in Figure 6 and
also reported in Table S3 of Section S5 (Supporting Information).
The Dz profiles are lower than the corresponding bulk values
listed in Table 5 (which are represented as dash-dotted lines in

Figure 6) even in the center of the slabs due to finite size ef-
fects. Throughout the entire MD simulations at 1300 K running
for more than ≈50 ps, no PCM atom penetrates the CM trilayer.
The PCM atoms diffuse close to the boundaries, but all bounce
back: the CM acts as a barrier against the migration of l-PCM
atoms along the z direction. This phenomenon also determines
the shape of 𝜌(z) for each PCH: the atoms of the l-PCMs cluster
at the edges of the PCM blocks. Our results are in line with the
simulations of Sb2Te3/TiTe2 PCHs presented by Ding et al. in ref.
[15].

4. Partial Amorphization

We amorphize the PCM portion of the two PCHs by quenching
the models down to 300 K with the following protocol: from 1300
to 900 K the quenching rate is 1015 Ks-1, whereas it is set to 1013

Ks-1 from 900 to 300 K. Before the second quenching, the system
is briefly equilibrated for 5 ps at 900 K. We show snapshots of
both amorphous models in Section S6 (Supporting Information).

The GST-225/TiTe2 model displays slightly asymmetric vdW
gaps (see Table 2): one of them has a thickness comparable to
those of the gaps of the fully crystalline models, whereas the sec-
ond one is about 7% thinner. The two regions of the GST-225
slab near the interfaces (which are defined by the corresponding
peaks of the 𝜌(z) profiles shown in Section S3, Supporting Infor-
mation) have the following average populations: 11 Ge atoms, 18
Sb atoms, 44 Te atoms (L(1)

GAP) and 11 Ge atoms, 14 Sb atoms, 42 Te
atoms (L(2)

GAP). Thus, the wider gap is characterized by a lower rel-
ative concentration of Ge atoms. Summing up the contribution
of the two interfaces, we obtain: 22 Ge atoms (22.4% of total Ge
atoms), 32 Sb atoms (32.7%), and 86 Te atoms (35.1%), which cor-
respond to a local stoichiometry of Ge1.28Sb1.86Te5. Concerning
GeTe/TiTe2, the two gaps are instead more symmetric than in the
crystalline models, since in the latter the two interfaces are chem-
ically very different. Analogously to the partly liquid GeTe/TiTe2
model, there is an excess of Te atoms in the interface regions
of the amorphous GeTe slab. These regions are populated by an

Adv. Sci. 2024, 2402375 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2402375 (8 of 14)
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Figure 7. pRDFs (solid lines) and total RDFs (dashed lines) of a-GST-225 (left plot) and a-GeTe (right plot) at T = 300 K.

average of 104 Te atoms (40.6%) and 84 Ge atoms (32.8%), corre-
sponding to Ge4.47Te5.53.

4.1. Structural Properties

Figure 7 displays the RDFs and pRDFs of amorphous GST-225 (a-
GST-225) and amorphous GeTe (a-GeTe) at a temperature of 300
K. When referring to confined amorphous PCM, we will simply
write a-PCM, since no bulk counterparts are considered in this
part of the work.

The a-GST-225 RDF exhibits three distinct peaks, with the
first peak located around 2.92 Å representing the average dis-
tance between nearest neighbors. Our analysis indicates that
first-neighbor pairs primarily consist of Ge-Te (peak at 2.86 Å)
and Sb-Te (peak at 2.92 Å). However, we also observed Sb-Sb pairs
(peak at 2.96 Å) and, to a lesser extent, Te-Te (3.00 Å), Ge-Sb (2.80
Å) and Ge-Ge (2.63 Å) pairs. In the case of the Ge-Ge and Te-Te
pRDFs, the second maximum, respectively at 4.0 and 4.21 Å is
much more prominent than the first one at 2.63 Å and 3.00 Å. As
regards the Ge-Sb pRDF, the first peak is only slightly lower than
the second one. Overall, the fraction of Ge-Ge, Ge-Sb, Sb-Sb, and
Te-Te bonds is lower than in the liquid phase, whereas the frac-
tion of Ge-Te and Sb-Te bonds increases upon quenching. Our
results agree well with those of ref. [34]: there are a few minor
discrepancies, such as the position of the second maximum of
the Te-Te pRDF (4.21 Å vs 4.16 Å ). We note that our Ge-Te and
Sb-Te bond lengths are larger than those obtained from extended
X-ray absorption fine structure (EXAFS) experiments[35,36]: this is
a well-known problem of PBE-based simulations (or, according
to ref. [37], of the use of a GTH pseudopotential for Ge), which
the D3 corrections apparently do not cure. Interestingly, the Te-
Te pairs contribute significantly to the second peak of the RDF
at a distance of approximately ≈

√
2 r̄, where r̄ can be the Ge-

Te or Sb-Te maximum. It is noteworthy that all the peaks of a-
GST-225 sub-ADFs occur at approximately 90°, as evidenced in
Figure 8. This observation suggests that the system is comprised
of a significant number of Te-Ge(Sb)-Te components. Specifically,
this arrangement entails a right angle bond between Te-Ge(Sb)-
Te triplets, such that the diagonal distance between Te-Te mea-
sures approximately ≈

√
2 r̄. The a-GeTe structure shows similar

properties: the first peak of the RDF consists predominantly of

Ge-Te bonds (peak at 2.77 Å) but also contains a fraction (lower
than in liquid GeTe) of Ge-Ge and Te-Te bonds, whose peaks are
centered at 2.61 and 2.94 Å, respectively. The second peak is due
to the Ge-Ge and Te-Te pairs, centered around 4 Å.

We compute the CNs following the protocol outlined in Sec-
tion 3.1 and Equation (3) to establish the first coordination shell.
In Table 6, we list all the rcut values used in our analysis of a-GST-
225 and a-GeTe.

The average partial and total CNs from our analysis, as shown
in Table 7, differ from those reported in refs. [34, 38, 39] due
to the use of different rcut values. We observe that in a-GST-225
Ge primarily forms bonds with Te, and its coordination is
primarily 4 and 5; Sb and Te have coordination peaked at 5 and
3, respectively (refer to Section S6.1, Supporting Information).
Concerning a-GeTe, the Ge coordination is peaked at 4 and
5, while the Te coordination is mostly 3 and 4 (Figure S19,
Supporting Information). However, when employing the cutoff
radii specified in refs. [34, 38], we obtain CNs (see Section S6.2,
Supporting Information) that concur with those two works. As
expected, the 8 − N rule is not fulfilled: the total CNs NGe, NSb and
NTe in Table 7 are larger than 4, 3, and 2 in all cases considered.
Excluding the Te atoms of the CM, Table 7 shows that a-GST-225

Figure 8. sub-ADFs of a-GST-225 at T = 300 K. The black dashed vertical
line is located at 𝜃 = 90°.
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Table 6. First maxima (r̄) and first minima (rcut) of the pRDFs of a-GST-225
and a-GeTe at T = 300 K. All the distances are expressed in Å units.

a-GST-225 a-GeTe

Conf Conf

r̄Ge−Ge 2.63 2.61

rGe−Ge
cut 2.9 3.2

r̄Ge−Te 2.80 2.77

rGe−Te
cut 3.5 3.5

r̄Te−Te 3.0 2.94

rTe−Te
cut 3.25 3.2

r̄Ge−Sb 2.8 /

rGe−Sb
cut 3.5 /

r̄Sb−Sb 2.96 /

rSb−Sb
cut 3.5 /

r̄Sb−Te 2.94 /

rSb−Te
cut 3.5 /

has Ge-Ge, Sb-Sb, and Ge-Sb bonds with coordination numbers
of 0.13, 0.79, and 0.52, respectively. The three CN values decrease
and match those of refs. [34, 38, 39] when using the same rcut
parameters. The CNs of the X-Te pairs increase moderately upon
inclusion of the bonds with the Te atoms of the CM, indicating
weak interaction between a-GST-225 and the CM even at 300
K. In a-GeTe, the Ge-Ge, Ge-Te, and Te-Te bonds have CNs of
1.00, 3.50, and 0.23, respectively, if the Te atoms of the CM are
excluded. Inclusion of these atoms leads to significantly larger
CNs, which reflects the stronger chemical interaction between
the PCM and the CM at the interface.

In Figure 8, we present the sub-ADFs of a-GST-225. These sub-
ADFs reveal the presence of octahedral structures: there is a main
peak at 90° along with a less pronounced peak at 170° degrees.
The second peak is observed in all three sub-ADFs, but it is more
distinct in the case of Sb and Ge. Upon examining the pADFs re-
solved for various atomic triplets (Section S6.3, Supporting Infor-
mation), it becomes apparent that the peak at 90° in the Ge sub-
ADF is attributed to the Te-Ge-Te triplets. On the other hand, the
Sb-Ge-Te and Ge-Ge-Te triplets exhibit features at angles around
109.5° degrees, indicative of the presence of tetrahedral environ-
ments. The triplets involved in Te and Sb sub-ADFs only show
features at 90°.

Table 7. Average partial and total CNs of a-GST-225 and a-GeTe at T = 300 K. The same notation of Table 4 is used.

a-GST-225 (300 K)

NGe − Ge NGe − Sb NGe − Te NSb − Sb NSb − Te NTe − Te NGe NSb NTe

Conf 0.13 0.52 4.00 0.79 3.49 0.55 4.65 4.80 3.55

Conf+ 0.13 0.52 4.12 0.79 3.68 0.59 4.77 4.99 3.71

a-GeTe (300 K)

Conf 1.00 / 3.5 / / 0.23 4.50 / 3.73

Conf+ 1.00 / 3.85 / / 0.44 4.85 / 4.29

Analogously, the a-GeTe sub-ADFs are compatible with octa-
hedral structures and display a peak around 90° but the peak of
the Ge sub-ADF is shifted to slightly higher values. The pADFs
support this observation: the peak of the Te-Ge-Te triplets is sim-
ilar to the one of the Ge sub-ADF, while Ge-Ge-Ge and Ge-Ge-
Te show clear features at around 109.5° degrees. Concerning the
pADF of the Ge-Te-Ge triplets, its behavior reflects the one of
the Te sub-ADF. Note that the long tail displayed by this pADF
does not correspond to tetrahedrally coordinated Te, as further
discussed below. The Te-Te-Te partial ADF of a-GeTe exhibits a
peak at 90° and another beyond 150°, similarly to the one of a-
GST-225; however, their amplitudes are disproportionate, with
the one at large angles related to the Te-Te-Te chains being much
more prominent than the one centered around 90°. We have also
calculated the Te-Te-Te ADFs including the second Te-Te coordi-
nation shell (Section S6.3, Supporting Information) to compare
with the model for a-GeTe proposed in ref. [40], which consists of
a disordered fcc-type Te sub-lattice interspersed with randomly ar-
ranged chains of Ge atoms in tetrahedral coordination. The ADFs
are in fair agreement with the one of ref. [40] and the discrepan-
cies can be ascribed to the presence of the interfaces, as reported
in Section S6.3 (Supporting Information).

As discussed in Section 3.1, a more precise indicator of tetra-
hedral and octahedral geometry is given by the Errington-De
Benedetti parameter q. The Ge q-distribution with n= 4 in a-GST-
225 indicates the coexistence of tetrahedral and defective octahe-
dral structures, as depicted in Figure 9. Instead, the Ge atoms
with n = 5 and n = 6 coordination have predominantly octahe-
dral environment. In contrast, the Te and Sb n = 4 q-distribution
does not exhibit any signature of tetrahedral geometry, as sup-
ported by previous work,[39] but shows a variety of defective octa-
hedral structures. By integrating the tetrahedral peak of the n =
4 Ge q-distribution in the range of 0.8 − 1.0 (as done in ref. [39])
we determine the fraction p of tetrahedral Ge atoms among the
ones whose coordination is four. From this, we straightforwardly
obtain a concentration of tetrahedral Ge in the system of 17.5%,
which is a bit lower than the values obtained in the literature from
pure PBE simulations, typically in the range 20–30%.[39,41] Upon
closer analysis, it becomes evident that the vast majority (nearly
80%) of Ge atoms in tetrahedral environment form at least one
bond with Ge or Sb atoms, as illustrated in Section S6.4 (Sup-
porting Information). Specifically, among the nearest neighbors
of the Ge atoms with tetrahedral coordination, 6.3% are Ge, 71%
are Te, and 22.6% are Sb.

Adv. Sci. 2024, 2402375 © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH2402375 (10 of 14)
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Figure 9. q-distributions of a-GST-225 at T = 300 K resolved for differ-
ent central atoms. Upper plot: four,five,sixfold Ge coordination. Mid plot:
four,five,sixfold Sb coordination. Lower plot: three,fourfold Te coordina-
tions. The black vertical lines indicate specific environments. All the distri-
butions are normalized to one.

We show the a-GeTe q-distributions in Section S6.4 (Support-
ing Information): the concentration of tetrahedral Ge in GeTe
is equal to 14.6% and most of the tetrahedral structures con-
tain at least one Ge-Ge bond. This concentration is also lower
than the values typically reported in the literature for pure PBE
simulations.[42] These results suggest that the D3 corrections
may lead to lower concentrations of tetrahedra with respect to
PBE models. However, additional amorphous models should be
generated to assess whether this is a genuine effect or simply a
statistical fluctuation.

As done in Section 3.1, we calculate the ALTBC for the amor-
phous phases at 300 K to investigate the presence of Peierls-like
distortion. As evidenced by the q-distributions and ADFs, there
are numerous defective and distorted octahedral structures, and

it is precisely within these structures that one would expect to find
such distortions. The total ALTBC plots of a-GeTe shows two well-
separated peaks (in line with refs. [43, 44]), indicative of Peierls-
like distortions. These distortions are mainly present in triplets
of quasi-aligned atoms with central Te atoms.

The ALTBC of a-GST-225 exhibits an elongated peak centered
on the diagonal. This is in agreement with previous work based
on standard PBE functionals,[45] whereas simulations based on
the vdW density functional DF2[46] show more sharply defined
atomic connectivities, resulting in separate peaks even in the liq-
uid phase.[28] If we focus only on the environment of Ge atoms,
we observe the signature of Peierls distortions in a-GST-225 as
well (see Figure 10) when considering octahedral Ge atoms.

4.2. Rings

We assess the intermediate-range order through the ring statis-
tics shown in Figure 11. This method provides important insights
into the crystallization kinetics of PCMs: more specifically, Akola
and Jones[34] and Lee and Elliott[47] pointed out the significance
of the ABAB squares, i.e., four-membered rings with heteropolar
bonds (A = Ge,Sb, and B = Te), as the building blocks not only of
the rocksalt-like crystalline phase of GST-225 and GeTe, but also
of their amorphous state. They also argued that fast crystalliza-
tion from the amorphous state may stem from the rapid reorien-
tation and ordering of these rings (which are randomly arranged
in a-GST-225 and a-GeTe) to form a rocksalt-like structure.

We compute the ring statistics using an algorithm primarily
based on the King-Franzblau shortest path search,[48,49] which is
now integrated into the RINGS code.[50] The statistics is calcu-
lated up to rings of size n = 12, with the appropriate cutoffs de-
duced from the pRDFs. The distribution of primitive rings in a-
GST-225 is shown in Figure 11, whereas the a-GeTe distribution
is included in Section S6.5 (Supporting Information). In agree-
ment with previous work,[34,39,47] we find a predominant number
of four-membered rings, showing that confinement does not in-
fluence the ring statistics compared to the bulk phase. We note,
however, that GST-225 layers confined in PCHs are expected to
recrystallize into the hexagonal phase, similarly to Sb2Te3, oth-
erwise the vdW gaps separating them from TiTe2 would be de-
stroyed. Thus, the role played by the ABAB rings in the SET pro-
cess of PCHs is not obvious and deserves further investigation.

Figure 10. ALTBCs of the two a-PCMs at T = 300 K. The left plot shows the octahedral Ge-centered ALTBC of a-GST-225. The right plot refers to the total
ALTBC of a-GeTe.
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Figure 11. Distribution of primitive rings in a-GST-225 at T = 300 K. The
upper plot shows a snapshot of the a-GST-225 heterostructure displaying
some fourfold primitive rings. The vertical black bars in the ring histogram
are error bars computed with the RINGS code.

5. Conclusion

In summary, we have investigated superlattice models of GST-
225/TiTe2 and GeTe/TiTe2 containing a single TiTe2 trilayer and
ultrathin PCM slabs with eight or nine atomic layers. In the
fully crystalline phase, the GST-225/TiTe2 PCH is characterized
by nearly perfect interfaces with weak chemical interactions be-
tween the atoms of the two blocks. In the case of GeTe/TiTe2
atomic corrugations are present at the interface and the chem-
ical interaction is almost twice as strong. In spite of these dif-
ferences, our AIMD simulations indicate that, by a controlled
heating and quenching protocol, it is possible to melt down and
amorphize the two confined PCMs without destroying the TiTe2
crystalline layer. In this respect, these superlattice models behave
differently from the GST/Sb2Te3 models forming the so called
interfacial PCMs,[24,51] in which the Sb2Te3 layers are not suffi-
ciently robust (due to their low melting temperature) to serve as
crystalline spacers between the actively switching GST layers.[52]

In our simulations, the use of a single TiTe2 trilayer was dictated
by computational convenience. Using thicker CM layers may fur-
ther improve the robustness of the PCH. It would also be inter-
esting to investigate the ability of other layered dichalcogenides
to behave as CMs. For instance, it was pointed out in ref. [53]

that, among the transition metal tellurides, four of them (ZrTe2,
MoTe2, RhTe2, and PtTe2) are potentially promising candidates,
since they have both high melting temperatures (above 1400 K)
and a trigonal or hexagonal structure with vdW-like gaps, which
is geometrically compatible with the Sb2Te3 (and, thus, the GST-
225) lattice.

Our simulations also show that, on timescales of hundreds
of ps, a single trilayer of TiTe2 effectively prevents diffusion of
the atoms of the PCM across it at temperatures of the order
of 1300 K, at which the PCM is in the liquid state. We expect
that thicker CM slabs should act as diffusion barriers even more
effectively.

Notwithstanding these promising results, it must be obviously
emphasized that in experiments many effects could in principle
undermine the stability of the PCH, including the formation of
defects during the growth of the PCH or during cycling (due,
for instance, to the possible atomic diffusion across the CM on
longer time scales than those simulated in our work and/or upon
extensive cycling), as well as the melting of the confining layers
owing to too intense electrical stimuli. Thus, both the growth con-
ditions and the heating protocols must be carefully tuned and
controlled to minimize these issues.

Our results also indicate an excess of Te atoms at the two in-
terfaces in the PCM region for GeTe and, to a lesser extent, GST-
225. This is relevant to the SET process of the PCH. Indeed, it
was shown by Acharya et al. in ref. [27] that, due probably to this
excess, a thin GeTe slab in a superlattice recrystallizes into a dis-
ordered phase with Te layers at both interfaces and a high concen-
tration of antisite defects and vacancies. Although in their work
an artificial capping layer made by a frozen bilayer of crystalline
GeTe was considered, instead of a TiTe2 layer (since a neural-
network potential capable of describing only Ge-Ge, Ge-Te, and
Te-Te interactions was employed), we believe that their findings
should also hold for more realistic models of the GeTe/TiTe2 in-
terface. Acharya et al. also found that the crystal growth veloc-
ity of nanoconfined GeTe is a factor of two lower than the bulk
one at the temperature of maximal crystallization speed. This re-
duction does not represent an obstacle for phase-change applica-
tions, since the crystal growth velocity remains very high. Nev-
ertheless, the formation of a disordered GeTe phase in the SET
process may have an impact on the performance of the devices,
by affecting properties such as the electrical contrast and the cy-
cling endurance.

As far as the GST/TiTe2 PCH is concerned, we conjecture that
the excess of Te atoms at both interfaces could promote the for-
mation of the rhombohedral GST phase upon fast crystalliza-
tion. Therefore, contrary to GeTe/TiTe2, a more ordered phase
could form in GST/TiTe2 PCHs with respect to conventional
devices based on the bulk PCM. In conclusion, the GST/TiTe2
PCH appears to be a promising candidate for phase-change de-
vices possessing most of the beneficial properties shown by the
Sb2Te3/TiTe2 PCH but with the additional advantage of a more
stable amorphous state.

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