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Phase-change memory (PCM) material is the promising material system for nonvolatile-memory tech-
nology. Performance optimization of PCM device urgently requires the deeper clarification of its material
“Gene”. In this study, through first-principles calculations, p-orbital-aligned atom chains are identified to
play important roles in governing optoelectronic reflectivity in amorphous Ge2Sb2Te5. These atom chains
make the electronic state of the amorphous Ge2Sb2Te5 hold strong electron-polarized components,
thereby governing the optical property. The present study offers a new understanding of “Gene” for PCM
materials which benefit the material design and the performance improvement of PCM devices.

© 2017 Published by Elsevier Ltd on behalf of Acta Materialia Inc.
1. Introduction

Phase-change memory (PCM) is a state-of-the-art nonvolatile
information storage technology which holds fast speed and high
density [1e5]. It also shows potentials for flexible displays [6],
thermal emitters [7], and brain inspired computing [8]. To func-
tionalize its device, PCMmaterial is reversibly switched between its
crystalline and amorphous state accompanying with large optical/
electrical contrast by laser or electrical pulse. To date, the ternary
GeeSbeTe alloy has been one of the most popular PCMmaterials in
applications [2,9]. It is critical to understand the “Gene” of the
material to develop new systems with better performance.

As a prototypical composition, Ge2Sb2Te5 (GST) has received
extensive attentions.While the stable phase of the GST is hexagonal
phase, the phase for storage is rock-salt phase that has 20% cation
vacancies distributed randomly [10]. Recently, another crystalline
phase with ordered vacancies has also been identified [11e15]. In
general, the atoms in crystalline GST (c-GST) locate at octahedral
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sites. A widely accepted bonding picture of c-GST is the resonant
bonding model [16,17], which is induced by the aligned and half-
filled p orbits [18]. The delocalized electrons in resonant bonds
lead to a large electronic polarizability and thus enhance the optical
reflectivity in c-GST compared to the amorphous state. For amor-
phous GST (a-GST), its structure and bonding picture are compli-
cated. Using X-ray absorption near-edge structure (XANES),
Kolobov et al. demonstrated that Ge atoms located at tetrahedral
sites with sp3 hybridization in amorphous phases [19]. By ab initio
simulations, Caravati et al. revealed coexistence of the octahedral
and tetrahedral sites of Ge atoms [20]. They further determined
that in amorphous states two-thirds of Ge atoms preserve defective
octahedral sites or pyramidal sites with bonding angles around 90�

in addition to the rest (one third) with tetrahedral configurations.
By Ge K-edge XANES analysis, Krbal et al. confirmed the coexistence
of tetrahedral, pyramids, and distorted octahedral sites of Ge atoms
in a-GST [21]. Using first-principles calculations, Akola et al.
revealed the existence of ABAB rings and medium-sized cavities in
a-GST [22]. Hegedus et al. demonstrated that the 4-fold rings and
cubic motifs in amorphous state acted as nucleation seeds for fast
crystallization based on ab initio molecular dynamics simulations
[1]. The formation of large voids in amorphous GST was also
discovered [23]. The “right angled” atomic motifs, such as the
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Fig. 1. The electron density distribution change (EDDC) induced by a displacement of
central atom in c-GST. (a) 3D atomic structure of rock-salt c-GST. Two (001) planes are
selected to analyze the EDDC. The red one corresponds to the EDDC in (b) and (d). The
blue one corresponds to the EDDC in (c). (b)e(d) EDDC triggered by different dis-
placements. The white arrows indicate the direction of displacement for a central
atom. The starting points of the arrows mark the center atoms. The positive value of
EDDC represents the increase of density while the negative value represents the
decrease of density. The unit of charge density is e/Å3. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this
article.)
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pyramidal sites and the rings, was found to be originated from the
dominant p-orbital bonding (dative bond) in amorphous states
[24]. While the discussions above have shown different features for
GST amorphous networks, the relation between its optoelectronic
property and structure is still not clearly established, not mention
to the “gene” of the material. To date, one of generally accepted
knowledge is that electronic states in a-GST is much localized due
to losing long-range order [16,18]. As such, its reflectance is
significantly lower than that of crystalline phase, which defines a
signal contrast for data storage.

In this article, through first-principles calculations and elec-
tronic structure analysis, the disordered network of a-GST is
decomposed into specific motifs with different electronic proper-
ties. We find that a large amount of 3-atom chain motifs is identi-
fied to exist in a-GST. Unexpectedly, electrons in these chains can be
strongly polarized even though in amorphous structure. As such
the motifs can induce higher optical reflectivity. Our investigation
provides a basic understanding of the relation between optoelec-
tronic property and structure in amorphous PCM materials, which
will help to design new candidates with desirable performance.

2. Simulation methods

All calculations are based on the density functional theory (DFT)
with projected augmented plane waves (PAW) [25] pseudopoten-
tial and Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional [26], as implemented in the VASP code [27,28]. A cubic
rock-salt GST cell, which includes 43 Ge atoms, 43 Sb atoms, 108 Te
atoms and 22 vacancies is used [10]. The calculated density for rock-
salt GST is 6.0 g/cm3. The amorphous model is realized by the melt-
quench technique. First, the crystalline model is diffused at 3000 K
using NVTab initiomolecular dynamics (AIMD) for 6 ps to eliminate
the initial setup. To obtain a reasonable liquid, an 18 ps NVT-AIMD
simulation at 1100 K (close to the melting point) is run. Subse-
quently, the melt is quenched to 300 K with a rate of 13.3 K/ps. To
calculate electronic properties, the final amorphous structure from
AIMD is fully relaxed for better static balance position. The final
density after relaxation is 5.6 g/cm3 which is about 6.4% smaller
than the theoretically crystalline density of 6.0 g/cm3. The density
contrast between crystalline and amorphous states is in consistent
with the value of 6.8% in experiments [29]. The energy cutoff is
240 eV for static calculations and 180 eV for AIMD. The K-points for
static self-consistent calculations and AIMD are 2 � 2 � 2 and
1 � 1 � 1 MonkhorstePack mesh, respectively. To analyze elec-
tronic polarization, an electron-density-distribution change (EDDC)
is calculated according to a former study in thermoelectric mate-
rials [30]. The electron density distributions are respectively
calculated without displacement and with a small displacement for
a center atom. An EDDC is defined as the difference between the
two densities. If the electrons are strongly polarized, the EDDC can
have significant charge perturbations (by the displacement of the
center atom) not only in the nearest neighbors, but also in the
second or third neighbors along a chain. The displacement is ~2% of
the length of two aligned bonds. Here, the atom chain is defined as
an arrangement of atoms where their bond lengths are less than
3.3 Å and bond angles deviate less than 20� from a line (180�) in
amorphous phase.

3. Results and discussion

Previous reports suggest the disorder GST contains particular
local motifs [1,19e24]. The optoelectronic property of a-GST should
be related to some local structures. To understand these local mo-
tifs, we should analyze their electronic properties. Here, we use a
method called electron density distribution change (EDDC, the
electron density change, see the method section) which has been
employed to qualitatively analyze electron-polarized bonds in
thermoelectric materials, such as PbTe [30]. The EDDC in c-GST is
first shown in Fig. 1(a)-(d). Similar to the phenomenon in crystal-
line PbTe [30], the EDDC in c-GST extends to not only the nearest
neighbors but also the second (or even the third) neighbors along
the linear chains from the central atom [displaced along the white
arrow, see Fig. 1(b)]. In contrast, the EDDC in NaCl is just localized
around the nearest neighbors (Fig. 2). Lee et al. [30] have demon-
strated that the long-range EDDC can lead to long-range in-
teractions between atoms in PbTe (i.e. strong electronic
polarizability) which is absent in NaCl evenwith the same rock-salt
structure. In other words, the long-range EDDC is not an artificial
display. This long-range perturbation in c-GST indicates its signif-
icant electronic polarizability.

Fig. 1(c) further shows the EDDC from a central atom around
intrinsic vacancies in crystalline GST. It is clear that the vacancy
blocks the extension of the EDDC perturbation comparing to the
case in Fig. 1(b). In other words, vacancies in c-GST can weaken
electronic polarizability, which could be supported by the fact that
the optical dielectric function in crystalline GeeSbeTe alloys de-
creases with increasing vacancy concentrations. For example, the
imaginary part of dielectric function decreases significantly from
Ge2Sb2Te4 to Ge1.5Sb2Te4 and further to Ge1Sb2Te4 [31]. In Fig. 1(d),
the center atom is displaced along diagonal direction, i.e. the [110]
direction in (001) plane of the rock-salt structure. However, its
EDDC perturbation still propagates along the p-orbital bonding
direction [18]. This can be understood the [110] displacement can



Fig. 2. Comparison of electron density difference change (EDDC) for (a) NaCl and (b) c-
GST. The arrows indicate the direction of center-atom movements. The positive value
of EDDC represents the increase of density, while the negative value represents the
decrease of density. The unit of charge density is e/Å3.

Fig. 3. The electronic polarizability of atom chains in amorphous GST. (a) The 3D atomic stru
are highlighted by balls and thick lines. (b) The ratios of different kinds of atom chains. (c) Th
positive value of EDDC represents the increase of density, while the negative value represe
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be projected onto two vertical directions of [100] and [010] that
trigger the EDDC perturbation along the two p-orbit directions, see
Fig. 1(d).

According to previous reports [16,18], the strong electronic
polarizability would be destroyed when long-range orders is lost or
structure localizations occurs. However, in this study even though
the local vacancy can partly block the extension of the EDDC
perturbation, there still remains an electronic-polarization char-
acteristic to some degree (Fig. 1(c)). In other words, losing long-
range order would not mean a complete destruction of large elec-
tronic polarizability for GST. To verify this hypothesis, an amor-
phous structure of GST is obtained by a melt-quenched molecular
dynamics technique. Fig. 3(a) shows the amorphous structure.
Here, a supercell with 194 atoms is adopted. The structural factor of
the amorphous model is well consistent with those in experiment
and previously reported AIMD simulations (Fig. 4) [20,22,32].
Indeed, we find that there are large amounts of atom chains
remained in a-GST. These motifs are highlighted by thick sticks in
Fig. 3(a). Besides a small amount (<10%) of the 4 or 5-atom chains,
cture of a-GST. The amorphous network is displayed with thin lines. The atoms chains
e percent of atoms involved in atom chains. (d)e(g) EDDC of atom chains in a-GST. The
nts the decrease of density. The unit of charge density is e/Å3.



Fig. 4. The structure factors of four different amorphous GST models obtained with
different quench rates: Akola model Ref. [22] 4.3 K/ps, Bernasconi model Ref. [20]
38.3 K/ps, our Sim.1 model 13.3 K/ps, and our Sim.2 model 30 K/ps. The experi-
mental data is adopted from Ref. [32] and is shifted down by 0.4 for comparison. The
calculated q-factors in our model are averaged by 1000 frames collected from a 300K-
MD.
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most of them are the 3-atom chains (Fig. 3(b)). In the amorphous
model, 60% of all the atoms have involved in these atom chains
(Fig. 3(c)) where Te atoms have the largest ratio and Ge atoms have
the smallest ratio. However, more than half of the Ge atoms
participate in forming atom chains. Therefore, the atom chain is an
important feature in a-GST.

Fig. 3(d)-(g) further shows the electronic properties of these
typical atom chains in a-GST. Similar to c-GST, a delocalized EDDC
perturbation can be clearly observed, which implies an electronic-
polarization characteristic also exists in amorphous state.
Compared to previously reported motifs in a-GST (including
tetrahedral Ge, the defective octahedral atom, or ABAB ring)
[19e22], the motifs proposed here are more from the viewpoint of
electronic characteristics but not only the structure. In fact, the 3-
atom chain correlates with the medium-range order in amor-
phous GST, which can be reflected by its pair correlation function
peaked at around 6 Å [1,22]. This peak is demonstrated here to
indicate an effect of medium-range electronic correlation in the
amorphous network. Before it is usually considered that just first-
neighboring atoms have electronic correlation in a-GST.
Fig. 5. (a) Bond angle distribution, (b) atom chains distribution and
To further demonstrate the relation between the optoelectronic
signal (reflectance) and this atomic motif, the concentration of
atom chains in amorphous phase is modified by a computational
“experiment”where Ge atoms are replaced by other weak or non p-
bonding elements. For example, Ge, Si, and C have a tendency to
form the bonding from p type to sp3 type in PCMmaterials. As such,
two other newmodels can be created by replacing all the Ge atoms
in a-GST by Si and C atoms, respectively. To see the change of local
bonding and electronic behavior, the local balanced structures for
the two models are obtained by geometry relaxations. Fig. 5(a)
compares the bond-angle distributions for a-GST, amorphous
SieSbeTe (a-SST) and amorphous CeSbeTe (a-CST). Here, the
peaks around 90� and 180� are the fingerprints of the p-orbit
bonding and atom chains. It is clear that the peak of 90� (p bonding)
changes to that of 109� (sp3 bonding) and the peak of 180� gradually
decreases from a-GST to a-SST and further to a-CST. Meanwhile, the
numbers of atom chains in a-GST, a-SST and a-CST also decrease
gradually (see Fig. 5(b)). The numbers of 3-atom chains in a-SST and
a-CST are just 67% and 19% of that in GST, respectively. Corre-
spondingly, the relative reflectance decreases significantly from a-
GST to a-SST, and then to a-CST (Fig. 5(c)). To further confirm that
the change of reflectance is due to the change of chains rather than
only due to the change of chemical compositions, we compare the
reflectance of the GST, SST, and CST models started from a rock-salt
structure. Indeed, the reflectance of SST is close to that of GST
because their number of chains are similar (see Fig. S1 and more
details in the Supplemental Material).

In fact, a similar atomic motif named 3-center-bond motif has
been proposed [33,34]. This motif can be with 3c-2e bond (one
short bondþ one long bond) or 3c-4e bond (two short bonds). They
have been pointed out to play an important role to form PCM crystal
and makes the amorphization more energy efficient. Therefore, 3-
atom chain motif proposed here not only has the important
impact on optoelectronic properties but also play a role on phase
transition. In addition, the octahedral or pyramidal fragment [21]
can be considered to be composed of several orthogonal atom
chains. In other words, the existence of pyramidal fragment in
amorphous GST also has a significant role to control optical prop-
erties of the amorphous GST.

To exam the reasonability of our present amorphous model and
thus the results based on the model, we performed the second
AIMD with a different quench rate of 30 K/ps. We also compare our
models with other AIMD GST amorphous models from the litera-
tures. In fact, the amorphous structures for our first simulation
, and (c) relative reflectance of a-GST, a-SST and a-CST model.
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model (sim.1) and the second one (sim.2) are almost the same: 60%
total atoms and 54% total atoms participate to form atom chains for
sim.1 and sim.2 models, respectively. Both their structure factors
are also similar and in consistent with those from previous reports
(see Fig. 4). Therefore, the amorphous model in this study is
reasonable.

4. Conclusion

In this work, we identify that the 3-atom chain is an important
structural motif in a-GST in term of electronic property. This motif
has a strong electronic polarizability even in the disorder network.
In contrast to the conventional purely electronic-localized cova-
lent-bonding picture, the electronic-polarization characteristics
(which is a fingerprint in crystalline state) is demonstrated to exist
together with the localized bonding in amorphous PCM materials.
A relation between the atom chains and optoelectronic reflectance
is identified by a comparative analysis among a-GST, a-SST, and a-
CST models. In this study, we stress that we do not deny the exis-
tence of covalent bonding in a-GST which should be the origin of
reflectance contrast from its crystalline phase [35]. In fact, the ad-
vantages of PCM materials in memory are not just from their big
difference between the two phases (to realize signal contrast) but
also from their common points (to realize fast and reversible
switch). The present research offers an updated understanding of
the material gene in PCM materials which will benefit the new
design of materials and the improvement of the performance in
memory device.
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