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Abstract

Understanding the relation between the structural disorder in the atomic geometry of the recrys-
tallized state of phase-change memory materials and the localized states in the electronic structure
is necessary not only for technological advances, but also essential to achieve a fundamental un-
derstanding of these materials. In this computational study, hybrid density-functional theory
simulations are employed to ascertain the impact of antisite defects on the spatial localization of
the electronic states in the bottom of the conduction band in recrystallized models of the proto-
typical phase-change material, GeoSbhoTes. Te—Te homopolar bonds are the local defective atomic
environments mainly responsible for the electron localization of the conduction-band-edge states
in the simulated structures, while Sb—Te chains can also induce spatial localization. Unoccupied
defect-related electronic states can emerge in the band gap during a crystallization event, while

Sb—Sb homopolar bonds have been identified in the defect environment of a deep localized state.

* konstantinos.konstantinou@tuni.fi


mailto:konstantinos.konstantinou@tuni.fi

I. INTRODUCTION

Phase-change memory (PCM) materials exhibit a pronounced difference in optical and
electronic properties between the amorphous and crystalline states, which, in principle,
makes them appealing for storage applications by encoding digital binary data as structural
changes in the material [1]. Nowadays, PCM materials are considered as a contender for next-
generation non-volatile electronic-memory technology (a replacement for silicon-based flash
memory) and for new storage-class memory devices, as well as for all-photonic neuromorphic
computing architectures [2]. Moreover, phase-change random-access memory (PCRAM) is
a novel technology that is currently used in the Mircon-Intel Optane’™ solid-state memory

device.

The function of PCRAM devices is governed by the application of voltage/laser pulses,
which switch the chalcogenide memory material due to Joule heating, very rapidly (~ns) and
reversibly, between metastable structural states; a degenerate-semiconducting, electrically-
conductive crystalline state (the ”1-bit”) and a semiconducting, electrically-resistive amor-
phous state (the ”0-bit”) [1, 2]. The canonical composition GeyShyTes (GST-225), on the
pseudo-binary GeTe—SbyTes tie-line, is utilized as the core material for PCRAM program-
ming [1, 2].

The metastable crystalline state of GST-225, which is formed upon rapid crystalliza-
tion during the phase-change transformation inside the PCRAM cell, has a cubic rock-salt
(NaCl), cation-vacancy-containing atomic structure [3]. In particular, the cation-like sublat-
tice is occupied by Ge and Sb atoms, and atomic vacancies randomly distributed within the
crystal structure, while the anion-like sublattice is taken by Te atoms. The disordered rock-
salt crystalline structure of GST-225 alloys was proposed by Yamada and Matsunaga based
on X-ray diffraction data [4, 5], while this view was also supported by transmission electron
microscopy experiments [6, 7], as well as by ab initio molecular-dynamics (MD) simulations
of the crystallization process [8-12]. It is noted that the stable crystalline phase of GST-225
is a hexagonal structure, which is made of atomic blocks of seven and nine alternating Ge/Sb

and Te layers, respectively, held together by Van der Waals forces [13-15].

Structural disorder in amorphous (glassy) materials serves as a natural cause for the
formation of spatially localized defect electronic states in the band gap [16]. It has been

reported from experimental studies [17] and atomistic simulations [18-22] that several lo-
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calized unoccupied and occupied electronic states exist in the vicinity of the band gap in
amorphous PCM materials.

Although the disorder-induced electron localization prevails in amorphous semiconduc-
tors, it has also been observed to have a significant impact on the rock-salt crystalline
structure of PCM materials. The statistical distribution of the high-concentration atomic
vacancies, together with the Ge and Sb atoms, on the cation-like sublattice corresponds to
the main component of disorder in crystalline GST-225, which was thought that it can give
rise to the localization of the electrons [3]. Electron localization due to this type of disorder
has been identified by low-temperature transport experiments [23], while density-functional
theory (DFT) simulations in models of disordered crystals indicated that the fluctuations in
the (randomly- or manually-generated) distribution of atomic vacancies and the consequent
formation of vacancy clusters within the structure can induce localization of the electronic
states near the valence-band edge [24]. Atomic displacements away from the ideal rock-salt
lattice sites were found to be insignificant for the electron localization in GST-225, while
it was shown that excess vacancies can shift the Fermi level towards lower valence-band
energies, but not away from the localization region [24].

Fractions of antisite defects were found in recrystallized GST-225 models, obtained by
DFT-MD simulations [8-12, 25], which led to the generation of Te—Te and Ge(Sb)—Ge(Sb)
homopolar bonds within the recrystallized structures. Hence, these antisite defects increase
the compositional disorder, which, in turn, can influence the electronic properties of the
material. Xu et al. in a study of crystalline Ge;SbsTes under high pressure using DFT-MD
simulations reported that the electronic states near the bottom of the conduction band are
localized around pairwise antisite atoms, highlighting a disorder-induced electron localization
triggered by pressure [26]. More recently, large-scale (=1000 atoms) DFT-MD crystallization
simulations in a model of amorphous Ge;SbyTey showed that Te antisite defects and Sb—Te
chains can lead to electron localization of conduction-band-edge states in the recrystallized
structure of the material [27]. It is noted that in these studies the localization properties of
the occupied electronic states at the top of the valence band were found to be unaffected by
the presence of the antisite defects inside the crystalline structure [26, 27].

The structural aspect of disorder and the contributions of the different types of defects
that are responsible for spatial localization of the electronic states are very difficult to be

disentangled by experimental measurements [3]. In this study, we aim to achieve a funda-
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mental understanding, at the atomistic level, of the connection between atomic structure and
electronic properties of the recrystallized state in PCRAM devices. We utilize DF'T calcula-
tions using non-local exchange-correlation functionals to explore the spatial localization and
atomic character of defect electronic states in recrystallized models of the GST-225 PCM
material. We provide a picture of the interplay between the antisite defects and electron
localization in the conduction-band-edge states of the modelled structures. Moreover, an
investigation of the evolution of the electronic structure during recrystallization is presented

to study the generation of defects that take place during this process inside the memory cell.

II. COMPUTATIONAL METHODS

A. Model structures

Structures of 460 atoms from previous long-scale DFT-MD crystallization simulations of
amorphous GST-225 [9-11] have been used in this study to investigate the electronic struc-
ture of the recrystallized models with hybrid-DFT calculations, and to identify the nature of
electron localization. In particular, the recrystrallized structures obtained from two different
simulations with an ordered history (i.e. by manually embedding a crystalline seed inside
the initial amorphous network) were selected to gain an understanding about their electronic
properties. Both these simulations were performed at 600 K; however, in one of them the
crystalline seed was not fixed during the crystallization process (model M1) [10], whereas
in the other the inserted crystalline seed was kept fixed during the whole simulation (model
M2) [9]. The final recrystallized structure from a similar simulation (with a fixed crystalline
seed) performed at 700 K (model M3) [9] was also used here to extend our investigation
about the electron localization in more diverse samples. In addition, three independent re-
crystallized models (M4, M5 and M6) obtained from crystallization simulations performed
at 600 K and without any imposed structural constraints (before or during the simulations)
[10] were used in this study to calculate their electronic properties. Moreover, nine configu-
rations from the simulated crystallization trajectory of model M5 were selected to examine
the evolution of the electronic structure during the recrystallization process of the amor-
phous sample. The selected structures were the initial amorphous configuration (t=0 ns),

four intermediate configurations corresponding to the DFT-MD snapshot before a step-like
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density change, at 2.2 ns, 3.4 ns, 4.2 ns and 5.7 ns, and the final recrystallized geometry
(t=7.1 ns). In addition, three more configurations of the same density (snapshots at 4.6
ns, 5 ns and 5.4 ns) were selected to examine further the formation of the deep unoccupied
electronic states identified in the given model (M5). Details about these crystallization
simulations can be found in Refs. [9-11].

As mentioned above, the metastable cubic rock-salt-like crystalline state of GST-225 is
typically characterized by a Te-atom anionic sublattice and a cationic sublattice that is
randomly occupied by Ge and Sb atoms, as well as by atomic vacancies. A representative
model of this random crystalline structure can be obtained from the generation of a special
quasi-random structure (SQS), which aims to mimic the physically most relevant radial
correlation functions of the target configuration [28]. In this study, a simulated annealing
protocol was used to optimize a putative 720-atom random alloy structure of GST-225 from
an initial guess by swapping atoms around within the cation sublattice until the cluster vector
resembles as closely as possible that of the target structure. It is noted that the Te sublattice
was kept fixed during the Monte-Carlo simulation. The implementation provided by the icet
library was utilized for this procedure [29, 30]. The atomic geometry of the generated SQS
model structure was then optimized with a hybrid-DF'T calculation in the same way as the
recrystallized models studied here in order to calculate its electronic structure and facilitate

comparisons.

B. Electronic-structure calculations

DFT as implemented in the CP2K code was used to optimize the geometries of the model
GST-225 structures and to calculate their electronic properties [31]. The CP2K code employs
a mixed Gaussian basis set with an auxiliary plane-wave basis set to represent the electrons
in the modelled system [32]. A molecularly-optimized double-( valence-polarized (DZVP)
Gaussian basis set was used for all atomic species [33], in conjunction with the Goedecker-
Teter-Hutter (GTH) pseudopotential [34]. The plane-wave energy cut-off was set to 5440
eV (400 Ry). The range-separated hybrid PBEO functional was used in all calculations
[35]. The inclusion of the Hartree-Fock exchange offers a more credible description of the
electronic structure and, especially, the localized electronic states that are potentially present

in our simulated GST-225 structures [20, 36]. A comparison between standard PBE and
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hybrid PBEO functionals, for selected configurations of the simulated structures studied
here, shows that the utilization of a hybrid functional results in a more accurate calculation
of the band gap, as well as in a stronger spatial localization of the conduction-band-edge
electronic states in the recrystallized models (see Figs.S1-S3 in [37]). The computational cost
of hybrid-functional calculations was reduced by using the auxiliary density-matrix method
(ADMM) [38]. The Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm was applied in
the geometry optimizations to minimize the total energy of the modelled systems with
respect to the atomic coordinates. The convergence criterion for the forces on atoms of the
current configuration in an iteration step was 0.023 eV A~' (4.5x10~* Hartree Bohr—).

Periodic-boundary conditions were enforced in all the calculations.

III. RESULTS AND DISCUSSION

A. Nature of electron localization

The total and partial electronic densities of states (DOS, PDOS, respectively) near the
top of the valence band and the bottom of the conduction band of the recrystallized GST-225
model M1 are shown in Fig.la. The hybrid-DFT electronic-structure calculation results in a
Kohn-Sham (KS) band gap of 0.5 eV for the relaxed ground state. The calculated value of the
band gap agrees very well with the experimentally reported value for the crystalline state of
GST-225 [39, 40]. The LUMO (lowest unoccupied molecular orbital) electronic state, at the
bottom of the conduction band, is dominated by the contribution from Te-atom states with
some contribution from Ge- and Sh-atom states as well. The degree of spatial localization of
the LUMO state, as well as of each single-particle KS state in the electronic structure of the
recrystallized model, can be examined quantitatively by calculating the inverse participation
ratio (IPR). This method has been previously widely used to characterize the localization of
vibrational and electronic states in amorphous and crystalline materials in several simulation
studies [18, 20, 22, 24, 27, 41-43]. The IPR spectrum near the valence- and conduction-band
edges for the recrystallized GST-225 model M1 is shown in Fig.1b. One can clearly observe
that the LUMO corresponds to a fairly strongly localized state, with an IPR value of ~0.05.
In addition, the IPR analysis shows that a few more partially localized tail states appear at

the band edges of this recrystallized model.
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FIG. 1. (a) Total and partial electronic densities of states (DOS/PDOS) around the Fermi level of
the recrystallized GST-225 model M1. (b) DOS (black solid line) of model M1 and the correspond-
ing inverse participation ratio (IPR) values for the Kohn-Sham orbitals (red spikes). (c) Atomic
structure and molecular orbital of the localized conduction-band-minimum electronic state. Ge
atoms are blue, Sb are red, and Te are yellow. The atomic bonds in the rest of the recrystallized
structure are rendered as gray sticks. The purple and blue isosurfaces depict the molecular-orbital
wave-function amplitude of the electronic state and are plotted with isovalues of +0.02 and -0.02
eA73, respectively. (d) 2D projection of the calculated electron-localization function (ELF) near
the Te antisite defects that are associated with the spatial localization of the electronic state shown

in (c).

Direct inspection of the molecular orbital reveals that the atomic environment that hosts
the localized LUMO electronic state in the periodic cell of the recrystallized GST-225 model
M1 (Fig.1c). A Te—Te—Te three-atom chain corresponds to a local environment that is in-
volved in the spatial localization of the LUMO state within the model structure. Moreover,
the central Te atom of this configuration was found to be bonded to two more Te atoms.
The presence of these Te—Te homopolar bonds in the atomic geometry of the LUMO high-

lights the significant contribution of the antisite defects to the electron localization of the
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conduction-band-edge state of the recrystallized model. One 3-coordinated Sb atom and
a 6-coordinated Ge atom also contribute to the structural pattern that hosts the localized
electronic state.

The electron-localization function (ELF) [44] can be used as a measurement that indi-
cates the probability of finding electron pairs and it corresponds to an approach that has
been previously employed to characterize the bonding in amorphous [20, 21, 45, 46] and
crystalline [47-49] structures. The calculated ELF for the recrystallized GST-225 model M1
was projected in an optimal plane defined by the atomic environment that is associated with
the spatial localization of the LUMO state in the model structure and the results are shown
in Fig.1d. Values of the ELF close to unity are shown in red and highlight perfect electron
localization (referring to perfect covalent bonding), whereas values close to zero are shown
in blue and are indicative of very little or no electron localization (essentially no bonding)
in that region of space [50]. A value of 0.5 (shown in green) corresponds to a delocalized
ELF similar to that of the homogeneous electron gas [44], while any values between 0.5 and
1 denote varying degrees of covalent bonding [50]. Also, the red colour around the marked
atoms highlights their atomic valence shells.

Visualization of the molecular orbital for the LUMO electronic state in recrystallized
model M2, with a fixed crystalline seed throughout the simulation, is shown in Fig.2a.
The spatial localization of the electronic state is more extended within the periodic cell
of the simulated structure compared to that in recrystallized model M1. Nevertheless, it
can be observed that a group of Te—Te homopolar bonds is involved again in the structural
pattern that is responsible for the spatial localization of the LUMO (Fig.2b). This highlights
further the significant role of the Te antisite defects in the character of electron localization
for conduction-band-minimum states in recrystallized models of GST-225.

A Bader-charge analysis was performed for the atomic species in the recrystallized GST-
225 model M2 to identify, from an electronic-structure-orientated perspective, the existence
of homopolar bonds inside the simulated structure. The Bader ionic charges were computed
from the converged total electronic charge density of the hybrid-DFT geometry optimization
by using the scheme described in Ref. [51]. The distribution of the calculated Bader charges
is shown in Fig.2c, while the average values for Ge, Sb and Te atoms were found to be 0.47e,
0.60e and -0.42e, respectively. For all atomic species, the distribution of ionic charges is

rather narrow around the corresponding average value, which is a characteristic behaviour
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FIG. 2. (a) Molecular orbital and atomic structure of the electronic state at the bottom of the
conduction band in the recrystallized GST-225 model M2. Colour codes and representations for
atomic species, bonds and isosurfaces as in Fig.1. (b) The group of Te—Te homopolar bonds
(antisite defects) associated with the spatial localization of the electronic state shown in (a). (c)
Bader ionic charge distributions of Ge, Sb and Te atoms in the recrystallized model M2. Each
point corresponds to an individual atom in the 460-atom GST-225 simulated structure. Some of

the Te atoms from the structural pattern identified in (b) are shown inside the black dashed frame.

of a crystalline-like structure. However, when data of the distribution tail towards zero this
is indicative of the presence of homopolar bonds within the simulated structure. The results
of the calculation show that some Te atoms have a positive Bader charge (as highlighted
inside the black dashed frame), which are the specific Te atoms that participate in the
structural motif (Figs.2a & b) where the LUMO electronic state of the model structure M2
is spatially localized.

The DOS/PDOS near the top of the valence band and the bottom of the conduction
band of the recrystallized GST-225 model M3, obtained from a simulation at 700 K with
a fixed crystalline seed, are shown in Fig.3 (left). A KS band gap of 0.42 eV was derived
for the relaxed ground state from the hybrid-DFT electronic-structure calculation, slightly
smaller than that of the M1 recrystallized structure at 600 K. Moreover, the contribution
from Sh-atom states was found to be much more significant for the LUMO electronic state
(highlighted with an arrow in the relevant DOS in Fig.3), compared to that for model M1,
suggesting a different character of electron localization at the bottom of the conduction
band. The nature of spatial localization for the LUMO state in the recrystallized model M3

can be examined by visualization of the molecular orbital of the electronic state, shown in
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FIG. 3. Left panel: Total and partial electronic densities of states (DOS/PDOS) around the
Fermi level of the recrystallized GST-225 model M3. Right panel: Molecular orbital and atomic
geometry of the conduction-band-minimum electronic state (denoted with an arrow in the DOS).

Colour codes and representations for atomic species, bonds and isosurfaces as in Fig.1.

Fig.3 (right). An -Sb-Te-Sb-Te- chain structure across the simulation cell serves as the geo-
metric host of the localized conduction-band-edge state in the recrystallized model structure,
revealing a different picture than the Te—Te homopolar bonds (antisite defects) observed in

the other simulated structures (M1 and M2).

The total DOS together with the IPR spectrum of the electronic states near the valence-
and conduction-band edges for the SQS-generated crystalline structure of GST-225 are
shown in Fig.4 (left). The hybrid-DFT electronic-structure calculation results in a KS band
gap of 0.51 eV for the relaxed ground state, which is in close agreement with the experimen-
tally reported value for crystalline GST-225 [39, 40], as well as with the calculated values
for the recrystallized models studied here. The IPR analysis indicates very weak (or no)
localization for the tail electronic states at the bottom of the conduction band and the top
of the valence band of the SQS model structure. The low degree of spatial localization of the
LUMO state can be associated with the absence of homopolar bonds (and hence of antisite
defects) in the SQS structure, compared to the recrystallized GST-225 configurations M1
(see Fig.1) and M2 (see Fig.2), for example. A visualization of the HOMO (highest occupied
molecular orbital) electronic state for the SQS model is also shown in Fig.4 (right). It can
be observed that Te atoms next to vacancy-like regions within the simulated structure are
associated with the weak spatial localization of the electronic state at the top of the valence

band in the periodic cell of the SQS model.
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FIG. 4. Left panel: Total electronic density of states (DOS—black solid line) and the corresponding
inverse participation ratio values for the Kohn-Sham orbitals (IPR—red spikes) near the top of
the valence band and the bottom of the conduction band of the simulated special quasi-random
crystalline structure (SQS) of GST-225. Right panel: Molecular orbital and atomic structure of
the valence-band-maximum electronic state (HOMO). Colour codes and representations for atomic

species and isosurfaces as in Fig.1.

We note that a distinct vacancy-cluster-induced localization for the electronic states at
the top of the valence band, similar to that previously reported by DFT-based simulations
[24], was not observed for the recrystallized model structures (M1-M6) studied here. Vi-
sualization of the molecular orbital for the HOMO in model M6 (Fig.S4 in [37]), with no
imposed structural constraints throughout the crystallization simulation, shows that the lo-
calization of the electronic state is associated with an amorphous-like region which is part of
a crystalline-amorphous grain boundary in the final recrystallized configuration of this model
structure. This highlights the significant effect of the compositional (and structural) disor-
der on the spatial localization of the electronic states at the band edges of the recrystallized

models.

B. Evolution of electronic structure

The time evolution of the electronic structure during the crystallization simulation was
investigated for the GST-225 model M5. Nine configurations along the DFT-MD crystal-
lization trajectory were selected, at 0 ns (initial), 2.2 ns, 3.4 ns, 4.2 ns, 4.6 ns, 5.0 ns, 5.4
ns, 5.7 ns and 7.1 ns (final), and the electronic structure was calculated by performing a
geometry-optimization simulation, for each of them, with hybrid-DFT. The evolution of

the total DOS together with the IPR spectrum of the electronic states near the valence-
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and conduction-band edges for the simulated structure M5 is shown in Fig.5. The initial
amorphous GST-225 model exhibits a KS band gap of 0.65 €V, which is in accordance with
the experimentally reported values, ranging between 0.6 and 0.8 eV [39, 40], as well as
with previous modelling studies [36, 52]. The IPR analysis shows that there are localized
electronic states at the bottom of the conduction band, while some partially localized tail
states appear at the top of the valence band of this amorphous model structure. We note
that such behaviour is typical for a glassy material and it is in agreement with previous
simulation studies in amorphous GST-225 [18, 20]. During the crystallization simulation,
defect electronic states arise inside the band gap of the modelled system, which can disap-
pear and reappear, in a random fashion, as the simulation progresses. In addition, it can
be observed that the degree of spatial localization of the electronic states around the Fermi
level fluctuates along the MD trajectory.

A well-defined strongly localized in-gap state emerges in the electronic structure of the
modelled system at 2.2 ns after the beginning of the simulation, while in a snapshot at
3.4 ns there is no such defect in the band gap. The electronic-structure calculation for the
configuration at t=>5 ns shows a deep unoccupied electronic state, at 0.1 eV above the valence-
band maximum. In a snapshot shortly after this (at 5.4 ns), a group of three unoccupied
electronic states appear in the band gap, next to each other, which then disappear quickly (at
5.7 ns), leaving one such (rather delocalized) defect state in the electronic structure. Also, in
the end of this crystallization simulation, the final recrystallized GST-225 model structure
exhibits a localized deep defect state, which is an unoccupied electronic state located very
close to the top of the valence band.

The molecular orbital and atomic structure of the deep unoccupied defect state identified
in the final recrystallized configuration of the GST-225 model M5 is shown in Fig.6 (top). It
can be observed that Sb—Sb homopolar bonds from two different, 4- and 3-coordinated, Sb
atoms are associated with the spatial localization of the electronic state. The formation of
Ge(Sb)—Te—Ge(Sb)—Te 4-fold rings leads to the creation of a cubic structural motif within
the defect environment, with two 6-coordinated Ge atoms being members of this cube.

For the GST-225 configuration at t=2.2 ns after the beginning of the crystallization simu-
lation of model M5, the hybrid-DFT electronic-structure calculation revealed the formation
of a (transient) localized electronic state inside the band gap. The unoccupied in-gap defect

state is located at an energy level of 0.23 eV below the bottom of the conduction band, with
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FIG. 5. Total electronic densities of states (DOS—black solid line) near the top of the valence
band and the bottom of the conduction band for nine configurations, at different times along
the molecular-dynamics trajectory, from the crystallization simulation of the GST-225 model Mb.
The corresponding values of the inverse participation ratio (IPR) for the Kohn-Sham orbitals are

highlighted with red spikes, in every case.

the calculated band gap being 0.69 eV for this snapshot of the simulated structure. The
molecular orbital associated with this in-gap electronic state, formed during the simulation
of model M5, is shown in Fig.6 (bottom). Three Ge atoms, one 5-coordinated, one 4-
coordinated (in a tetrahedral configuration and with a Ge-Ge bond) and one 3-coordinated,
create the local atomic environment in which the defect state is localized in the simulated
structure. In addition, a Ge—Te—Ge—Te 4-fold ring connected to another 5-fold ring con-
tribute to the picture of the host structural motif for the localized electronic state. Mid-gap
defect electronic states have been previously identified and characterized in melt-quenched
models of amorphous GST-225, where it was demonstrated that crystalline-like atomic frag-
ments within the glassy network, consisting of groups of high-coordination Ge atoms and
4-fold ring structures are the local atomic environments that are mostly responsible for

hosting the localized mid-gap electronic states inside the simulated glass [20, 22].
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Calculation of the Bader ionic charges can provide some information on the evolution
of the atomic geometry during the crystallization event. The time evolution of the average
Bader charges for Ge, Sb and Te atoms are shown in Fig.7 for the nine selected configurations,
at different times, along the crystallization trajectory of GST-225 model M5. A systematic
increase of the average Bader-charge values for Ge and Sb atoms, from 0.25e¢ to 0.41e
and from 0.39¢e to 0.56e, respectively, was identified as the simulation progresses from the
initial amorphous model (t=0 ns) to the final recrystrallized structure (t=7.1 ns), whereas
a simultaneous decrease of the corresponding value, from -0.25¢ to -0.39¢, was revealed
for Te atom. These trends in the time evolution of the calculated Bader charges for the
atomic species of model M5 are indicative of the transition from a glassy to a crystalline-

like structure during the crystallization simulation.

C. Similarity of recrystallized structures

The similarity relationships between the initial GST-225 amorphous model and the ob-
tained recrystallized structures from all the different crystallization simulations can be es-
tablished, at a glance, through the construction of a configurational map [53]. This can
be achieved by using an informative representation for the configuration of each model
structure together with a suitable dimensionality reduction technique [54]. In this study, a
multi-species, global, smooth-overlap of atomic positions (SOAP) descriptor [55] was em-
ployed to represent each simulated structure, while multi-dimensional scaling (MDS) have
been adopted as the embedding technique [56, 57].

Each SOAP descriptor is a vector (q) existing in a high-dimensional space, while a mea-
surement of the similarity between two atomic environments is given by the dot-product of
these vectors [53, 55]. SOAP descriptors are normalized such that the dot-product of any
two of them lies between 0, corresponding to no similarity whatsoever, and 1, corresponding
to two identical local environments. Based on this information, for two simulated recrys-
tallized geometries, o and f3, a configurational distance (similarity) metric was constructed

as:

daﬁ = 2 — 2<qou qﬁ>

where (qa,qg) is the dot-product of the corresponding SOAP descriptors.
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MDS is a non-linear dimensionality-reduction technique that takes distances as input and
can thus be used to visualize the SOAP data in a two-dimensional (2D) space. For all the
indexed model structures the MDS approach constructs embedding vectors (e), that have
an euclidean distance that is as close as possible to the high-dimensional (SOAP-based)
distance metric we defined above, by performing a least-squares minimization of the stress

function (o), calculated as:

S (dag — |lea — eg])?
0(qa, qs) = | 22
a 2
Z daﬂ

o

where d,s is the SOAP distance between the a and 5 configurations in high-dimensional
space, and ||e, — eg|| is the distance of the corresponding embedding vectors in the reduced
(in our case 2D) representation. The final value of the stress reflects the quality of the
representation for all the produced data points; the stress is zero if the original distances
are completely maintained. For the dataset of the recrystallized structures analyzed in this
study a stress value of 0.028 was obtained, corresponding to an excellent embedding. We
note that the MDS implementation available in the scikit-learn library [58] was employed
here.

Hence, in that way, the high-dimensional SOAP data can be embedded into 2D maps in
which they can be interpreted accordingly [59, 60]. We note that the MDS coordinates have
arbitrary units; nevertheless, the distances between points on the respective map relialbly
reflect the (dis)similarity of configurations in their high-dimensional space. The MDS 2D
map that is constructed based on the hybrid-DFT geometry-optimization calculations of the
six recrystallized GST-225 structures (models M1 to M6), the SQS-generated model and the
initial (melt-quenched, MQ) glassy structure is shown in Fig.8. The hexagonal crystalline
structure of GST-225 (Kooi structure) [13] and an as-deposited-generated (AD) amorphous
structure [61], both optimized with hybrid-DFT, have been used as reference points in
the 2D map. In addition, raw data (220 configurations) from the DFT-MD crystallization
trajectories of the different simulations previously performed were added in the map to
investigate the evolution of the GST-225 structure during crystallization [9-11].

In the 2D space of Fig.8, structures that are similar appear close together, whereas

structures that are dissimilar are further apart; therefore, data points that are close to each
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other on the map indicate close similarity between the model structures, from the point of
view of the configurational descriptor [53]. It can be observed that the glassy structures
(MQ and AD) are clearly separated from the final recrystallized models, the SQS and the
Kooi crystalline structures. Moreover, the cubic rock-salt-like recrystallized structures are
distinguished from the hexagonal crystalline phase of GST-225. Walking through the map
from right to left, the selected configurations from the (different) crystallization trajectories
roughly align with the path that connects the initial amorphous structure to the SQS model
of the cubic phase. The existence of homopolar bonds in the recrystallized structures,
compared to the SQS structure, can explain the variations from a potential perfect alignment.
The final recrystallized structures of GST-225 models M1 (600 K, ordered history, not fixed),
M2 (600 K, ordered history, fixed) and M8 (700 K, ordered history, fixed) were found to
be very close in the MDS map, highlighting a close similarity between the obtained model
structures from these crystallization simulations, while model M2 appears to be the most
similar to the SQS cubic structure. The data points for the final recrystallized structures of
models M4, M5 and M6, obtained from the simulations at 600 K with no ordered history,
are further away from the recrystallized structures of models M1, M2 and M3, and the SQS
model. This indicates that these crystallization simulations led to the formation of more

disordered structures, revealing as well their partially crystallized character.

The structural dissimilarity between the group of the final recrystalllized models M1, M2
and M3, and the group of the final recrystalllized models M4, M5 and M6 is also reflected
on the Bader ionic charges and the cohesive energies of the simulated structures, shown in
Table I. The computed values of the average Bader charges for Ge and Sb atoms are higher
for the recrystallized structures of the first group compared to the respective values for the
models of the second group, while for Te atoms the average Bader charges are lower in the
first group than those in the second group. In addition, a similar trend can be observed
for the calculated cohesive energies, which are consistently lower for the models of the first
group. Such differences indicate that the GST-225 model structures M1, M2 and M3 are
more crystallized compared to the structures of models M4, M5 and M6, which have a more
disorder-like atomic geometry in their final recrystallized configurations. We note that this
observation is in agreement with the findings reported in Ref. [10], where the presence of
multiple crystallites was identified in the final recrystallized structure of GST-225 model

M}, while the formation of a grain boundary occurred in the crystallization event related to
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TABLE I. Average Bader charges (in e) of the atomic species and calculated cohesive energies
(Econ in eV /atom) for all the different final recrystallized GST-225 model structures studied here,

the SQS-generated and the Kooi crystalline structures.

Model Bader charge Econ
Ge Sb Te

M1 0.47 0.62 -0.43 -3.670
M2 0.47 0.60 -0.42 -3.663
M3 0.50 0.61 -0.44 -3.669
My 0.42 0.58 -0.40 -3.657
M5 0.41 0.56 -0.39 -3.659
M6 0.41 0.56 -0.39 -3.655
SQS 0.53 0.64 -0.47 -3.807
Kooi 0.57 0.69 -0.50 -3.869

model M6, for example.

IV. SUMMARY AND CONCLUSIONS

Hybrid-DFT calculations were employed to optimize the geometry of selected recrys-
tallized configurations of the GST-225 PCM material, generated from previous DFT-MD
simulations, and to calculate their electronic structures for identifying the nature of the
spatial localization of the electronic states in the conduction band. The calculations show
that defect-related electronic states are present in the bottom of the conduction band of the
GST-225 recrystallized structures. Our analysis demonstrate that Te—Te homopolar bonds
are associated with the structural pattern that is involved in the spatial localization of the
conduction-band-edge states, highlighting the impact of Te antisite defects. In principle,
the existence of homopolar bonds induces the compositional disorder of the recrystallized
structure, leading to an induced spatial localization of the unoccupied electronic states. The
very weak localization observed for the conduction-band-minimum electronic state in the
antisite-defect free SQS-generated model of GST-225 highlights further the significant role

of the Te antisite defects in the character of electron localization for the electronic states
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at the bottom of the conduction band in the crystalline state of GST-225. In addition, the
results show that Sb—Te chain structures across the simulation cell can host localized elec-
tronic states in the bottom of the conduction band, indicating that various atomic defective
environments can contribute to the electron localization in recrystallized GST-225 models.
We note that similar observations have been also recently reported in a recrystallized model
structure of Ge;ShoTey [27].

It should be noted that the conduction-band-edge electronic states of the recrystallized
models studied here show a spatial localization extended in one direction of the simulation
cell. However, in principle, strongly localized states, associated with Anderson localization,
are characterized by an exponential localization in all directions. This difference probably
stems from finite-size effects in our modelled structures; therefore, larger atomistic models
are necessary for studying Anderson localization.

Following the evolution of the electronic structure during a crystallization event, the
emergence of additional unoccupied electronic states in the band gap was unravelled, while
the degree of spatial localization of these defect states varies for different configurations
along the crystallization trajectory. Even though the formation of in-gap states in the
electronic structure of the modelled system is characterized by a randomness, two very
interesting observations related to the structural patterns that host some of them are: (a)
Tetrahedral, over- and under-coordinated Ge atoms, as well as 4-fold rings are the local
atomic environments associated with the generation of a shallow localized state below the
bottom of the conduction band; and (b) the presence of Sb—Sb homopolar bonds within the
defect environment for a deep localized state in the band gap, located very close to the top
of the valence band.

An atom-density-based similarity metric (SOAP descriptor) was utilized to examine the
degree of structural similarity between the simulated configurations studied here, and by
visualization in a 2D map. The crystallization events in which a cubic crystalline seed
was initially inserted in the simulation box (and then either kept fixed or not during the
crystallization process) led to the generation of recrystallized GST-225 structures with a
more crystallized nature, which also had the closest resemblance to the SQS cubic crystalline
model structure. In contrast, the recrystallized structures obtained from the crystallization
events with no initial imposed structural constraints show a less crystallized character in

their final recrystallized geometries. These observations highlight the stochasticity of the
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transition from the amorphous state to the crystalline state in PCM materials. In addition,
they suggest that the time scale and system size accessible within the DFT-MD simulations

may be limited for capturing a complete picture of the phase-change process.

The changes in electronic structure during recrystallization of amorphous PCM materials
are crucial for the application of these materials in rewritable optical-data storage and non-
volatile electronic memories. Localized electronic states are predicted to be present at the
conduction- and valence-band-edges of the recrystallized structures, while various forms of
disorder can contribute to the induced spatial localization. Controlling the distribution of
localized defect states by tailoring the degree of disorder in the crystalline state of PCM
materials can lead to the realization of multi-level storage operation in future non-volatile

PCRAM devices.
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FIG. 6. Top panel: Atomic geometry and molecular orbital of the deep unoccupied electronic
state (located at an energy level of 0.1 eV above the top of the valence band) identified in the
configuration at the end (7.1 ns) of the crystallization simulation of the GST-225 model Mb.
Bottom panel: Local atomic structure and molecular orbital of the defect electronic state (located
at 0.23 eV below the conduction-band minimum) identified inside the band gap at 2.2 ns after
the beginning of the crystallization simulation for the GST-225 model M5. In both panels, colour

codes and representations for atomic species, bonds and isosurfaces as in Fig.1.
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FIG. 7. Time evolution of average Bader charges for every type of atom during the crystallization

simulation of the GST-225 model MJ.
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FIG. 8. A two-dimensional SOAP-based similarity map for amorphous (MQ and AD), crystalline
(cubic SQS and hexagonal Kooi) and recrystallized structures (during crystallization and final
models of M1, M2, M3, Mj, M5 and M6) of GST-225. The plot includes configurations from
the recrystallization simulations and the SQS-generated structure. The visualization is based on
a structural dissimilarity (distance) metric using the SOAP kernel and on embedding by multi-
dimensional scaling (MDS). The closer two points are on the map, the more similar the corre-
sponding structures, and vice versa. Different symbols and colour schemes are used for the various
simulated structures. Atomic geometries of relevant structural models are shown in the map, where

Ge atoms are blue, Sb are red, and Te are yellow.
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