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Overview

Phase-change materials (PCM):

1. DF-MD simulations of crystallization 
(GST-225)

2. Graphene heterostructures, 
amorphous vs. crystalline PCM 
(GeTe and GST-225)
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PCM diagram

§ Chalcogenide alloys

§ Three phases: amorphous, 
metastable and stable crystalline
(with optical contrast and changes
in resistivity)

§ Ultra-fast phase transition
(time scale 1-100 ns)

§ Ge2Sb2Te5 was invented 1987  
à DVD-RAM; Ag/In-doped SbxTe
(AIST) compounds are used for 
DVD�RW

§ Emerging applications in 
nonvolatile computer memory, 
phase-change RAM (PRAM)
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Our previous work
on PCMs: Structure

T. Matsunaga, J. Akola, S. Kohara et al., 
Nature Materials 10, 129 (2011).

J. Akola and R.O. Jones,                  
phys. stat. sol. (b) 249, 1851 (2012).

Other crystallization simulations of GST-225 and GeTe:
• Loke et al., Science 336, 1566 (2012)
• Sosso et al., J. Phys. Chem. Lett. 4, 4241 (2013) 4
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close to three in all compositions, suggesting orthogonal bonds with
neighbouring atoms and octahedral coordination. Such structures
are spatially isotropic or have cubic or pseudo-cubic symmetry, an
example being the near-simple-cubic high-temperature structures
of AIST crystals8. Much less is known about the structure of
the amorphous phases, so the PC mechanism has been the
subject of speculation for many years. There have been numerous
studies on a-GST recently1,7, including the combination of density
functional (DF)–molecular dynamics (MD) and reverse Monte
Carlo (RMC) simulations we used to reproduce X-ray diffraction
(XRD) and hard X-ray photoelectron spectroscopy (HXPS) data.
The structure of a-GST has many small rings with ‘AB alternation’
(A, Ge or Sb; B, Te) that act as nuclei in the (nucleation-driven)
crystallization process9. On the other hand, little is known about
the amorphous structures of group 2 materials, including AIST.
Here we apply the technique used for a-GST (experiment (XRD,
HXPS and extended X-ray absorption fine structure (EXAFS))
combined with DF-MD simulations) to determine the amorphous
and crystalline structures of an AIST alloy, Ag3.5In3.8Sb75.0Te17.7.We
find differences between the structures of GST (group 1) and AIST
(group 2) that have wider implications.

Figure 2a shows the structure factors S(Q) of AIST and GST
obtained using XRD (ref. 10). The crystalline forms of both have
sharp Bragg peaks (red lines), and the amorphous forms (black
lines) have typical halo patterns. However, oscillations up to the
maximum Q value in a-AIST indicate a structure with well defined
short-range order. Fourier transformation of the S(Q) leads to the
total correlation functions T (r) for c-AIST and c-GST (Fig. 2b),
which are very similar beyond 4Å. Small differences between the
two crystalline forms are found at shorter distances, for example
the double peak in c-AIST (2.93 Å and 3.30 Å) and a single peak in
c-GST (2.97 Å). The T (r) for the amorphous materials, however,
are significantly different: the first peak in a-AIST (2.86 Å) is only
slightly shorter than that found in c-AIST (2.93 Å), whereas the
first peak in a-GST (2.79 Å) is much shorter than that in c-GST
(2.97 Å). We note also that the shoulder on the second peak in
a-AIST (3.5 Å, arrowed) is near that observed in the crystalline
form (3.30 Å). The pronounced difference between the diffraction
patterns of the two materials is strong evidence that they crystallize
differently. The atomic motion and/or diffusion accompanying the
PC are larger in GST than in AIST, where the PC is accompanied by
small changes in bond lengths.

The presence of four elements in AIST and the dominance of
two (Sb, Te) with similar atomic numbers make it difficult to
determine the local structure by XRD alone. We have therefore
performed a melt-quenched DF simulation of a-AIST (640 atoms)
and refined the structure using an RMC method. The refinement
criteria were (1) agreement with XRD experiment, (2) a total
energy close to the DF minimum and (3) agreement with the
HXPS measurements of electronic structure. The first requirement
could easily be satisfied, but the others required carefully chosen
constraints on bond distances and bond angles. The resulting S(Q)
and T (r) agree very well with experiment (blue lines in Fig. 2a,b).
Sections of the corresponding geometries for AIST and GST are
shown in Fig. 2c,d, respectively. The total energy of RMC-refined
a-AIST is only 68meV atom�1 above the minimum DF energy we
found. The minority atoms (48 Ag and In atoms in the simulation
cell) seldom bind to one another (see Fig. 2c), but often form bonds
to Te (Te avoids itself). This suggests that AIST may segregate into
Sb and AgInTe2 under certain conditions11. We show below that
the local environment of the predominant element Sb (75%) is
very similar to that in the crystal (A7, a distorted octahedron).
The individual cavities are small, and their total volume is 7% (see
Methods), compared with 14% in a-GST using the same cavity
analysis parameters12,13. Crystalline AIST has no intrinsic vacancies
(cavities), whereas 10% of the lattice sites in c-GST are empty.
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Figure 2 |HXRD data for AIST and GST, and atomic configurations of
a-AIST and a-GST. a,b, Structure factors S(Q) and total correlation
functions T(r) of AIST and GST (ref. 9). Red line, experimental data of
crystalline phase; black line, experimental data of amorphous phase; blue
line, DF-RMC model of a-AIST. The DF-RMC and experimental results are
practically indistinguishable. c, Section of 640-atom DF-MD model of
a-AIST (24 Å⇥24 Å⇥ 12 Å). Ag, silver; In, magenta; Sb, blue; Te, yellow.
d, Section of 460-atom DF-MD model of a-GST (24 Å⇥24 Å⇥ 12 Å). Ge,
red; Sb, blue; Te, yellow; large cavity, pink.

The difference between the volumes of the cavities in a-AIST and
a-GST is clearly visible in Fig. 2c and d (large cavities are pink). The
enlarged configurations (bottom figures in Fig. 2) show that a-GST
has many structural units with alternating Te and Ge (or Sb) atoms.
These ‘ABAB-squares’12,13 are not significant in a-AIST.

The DF-RMC structure of a-AIST can be compared with the
local structure of each constituent element determined using
EXAFS measurements at 26 K. The k3-weighted spectra for all
four edges are shown in Supplementary Fig. S1. The coordination
numbers N and bond lengths r determined by least-squares curve
fitting are given in Table 1. We have simplified the analysis by
assuming that each absorbing atom was surrounded by Sb atoms
alone. Our results agree with those found in ref. 14 at RT for
a similar AIST composition, implying that the local amorphous
structure changes little from 26K to at least RT. Table 1 also gives
values for the DF-RMC geometry on the basis of the partial pair
distribution functions gij(r) (Supplementary Fig. S2) and bond-
order analysis. The coordination numbers obtained from EXAFS
measurements for Sb and Te (3.7±0.3 and 2.4±0.4, respectively)
agree well with the calculated values. The dopants Ag and In are
more challenging, because EXAFS and the other analyses make
different assumptions. The EXAFS measurements indicate that
there are only small differences between the bond lengths, with Ag

130 NATUREMATERIALS | VOL 10 | FEBRUARY 2011 | www.nature.com/naturematerials
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two (Sb, Te) with similar atomic numbers make it difficult to
determine the local structure by XRD alone. We have therefore
performed a melt-quenched DF simulation of a-AIST (640 atoms)
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criteria were (1) agreement with XRD experiment, (2) a total
energy close to the DF minimum and (3) agreement with the
HXPS measurements of electronic structure. The first requirement
could easily be satisfied, but the others required carefully chosen
constraints on bond distances and bond angles. The resulting S(Q)
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Sb and AgInTe2 under certain conditions11. We show below that
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very similar to that in the crystal (A7, a distorted octahedron).
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analysis parameters12,13. Crystalline AIST has no intrinsic vacancies
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d, Section of 460-atom DF-MD model of a-GST (24 Å⇥24 Å⇥ 12 Å). Ge,
red; Sb, blue; Te, yellow; large cavity, pink.

The difference between the volumes of the cavities in a-AIST and
a-GST is clearly visible in Fig. 2c and d (large cavities are pink). The
enlarged configurations (bottom figures in Fig. 2) show that a-GST
has many structural units with alternating Te and Ge (or Sb) atoms.
These ‘ABAB-squares’12,13 are not significant in a-AIST.

The DF-RMC structure of a-AIST can be compared with the
local structure of each constituent element determined using
EXAFS measurements at 26 K. The k3-weighted spectra for all
four edges are shown in Supplementary Fig. S1. The coordination
numbers N and bond lengths r determined by least-squares curve
fitting are given in Table 1. We have simplified the analysis by
assuming that each absorbing atom was surrounded by Sb atoms
alone. Our results agree with those found in ref. 14 at RT for
a similar AIST composition, implying that the local amorphous
structure changes little from 26K to at least RT. Table 1 also gives
values for the DF-RMC geometry on the basis of the partial pair
distribution functions gij(r) (Supplementary Fig. S2) and bond-
order analysis. The coordination numbers obtained from EXAFS
measurements for Sb and Te (3.7±0.3 and 2.4±0.4, respectively)
agree well with the calculated values. The dopants Ag and In are
more challenging, because EXAFS and the other analyses make
different assumptions. The EXAFS measurements indicate that
there are only small differences between the bond lengths, with Ag
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Figure 5 | Ring statistics and PC in a-AIST and a-GST. a, Ring statistics
(bond cutoff 3.2 Å) reflect differences in T(r) near 3.0–3.5 Å. b,c, PC
scheme in a-AIST and a-GST, respectively. Dashed lines show bonds
corresponding to the peak in T(r) near 3.5 Å (Fig. 2b).

dominant small-sized rings with chemical alternation (‘ABAB
squares’, A, Sb or Ge; B, Te; refs 9,12,13,27,28) act as nuclei
for crystallization, aided by the higher cavity concentration and
the presence of low-coordination Te atoms. Our work has then
provided insight into the atomistic differences between group 1 and
2 PC materials, which is related to their different crystallization
mechanisms. The verification of the bond-interchange model
requires more study, in particular very large-scale DF simulations.
These should be possible in the near future.

Methods
Sample preparation and density measurement. The Ag3.5In3.8Sb75.0Te17.7 powder
specimens for the XRD experiment were made by laminating a 5-nm-thick
ZnS–SiO2 film on a glass disc (diameter 120 mm) and sputtering to form a
recording film of thickness 200–500 nm. The specimen was removed from the
glass substrate using a spatula, and its composition was studied using inductively
coupled plasma atomic emission spectrometry.

The specimens for the EXAFS and HXPS experiments were made by
laminating a Kapton film of 25 µm thickness overlaid on a glass disc with a
diameter of 120mm, followed by sputtering to form the recording films of
thickness 300 nm. XRD measurements confirmed that the films were amorphous.
The Kapton film sheets were peeled from the glass discs and cut into 10mm
squares, which were then stacked to form the specimens. The density was estimated
using an atomic force microscope (KEYENCE Nanoscale hybrid microscope
VN-8000) to measure the heights of the amorphous film including the partially
laser-crystallized area. The former is approximately 21 nm larger than in the crystal
(number density 0.0329 atomsÅ�3) in a total thickness of 300 nm film; that is, the
density is ⇠7% lower (0.0306 atomsÅ�3) in the amorphous phase. This agrees
well with the value estimated from the Fourier transformation of the structure
factor S(Q) (see XRD).

X-ray diffraction. The XRD experiments were carried out at room temperature
at the SPring-8 high-energy XRD beamline BL04B2 (ref. 29) using a two-axis
diffractometer dedicated to glass, liquid and amorphous materials. The incident
X-ray energy was 61.5 keV. The diffraction patterns of the powder sample in a
thin-walled (10mm) tube of 0.5mm diameter (supplier: GLAS Müller, 13503
Berlin, Germany) and an empty tube were measured in transmission geometry. The
intensity of incident X-rays was monitored by an ionization chamber filled with Ar
gas, and the scattered X-rays were detected by a Ge detector. A vacuum chamber
was used to suppress the air scattering around the sample, and the data collected
were corrected using a standard program29. The total correlation function T (r) was
derived by a Fourier transformation of S(Q),

T (r)= 4⇡⇢rg (r), where g (r)= 1+ 1
2⇡ 2⇢r

Z Qmax

Qmin

dQQ[S(Q)�1]sin(Qr) (1)

and ⇢ is the number density of the sample.

Extended X-ray absorption fine structure. The EXAFS measurements were
carried out at the BL14B2 bending-magnet beamline of SPring-8. The incident
X-ray beam was monochromatized by a Si double-crystal monochromator with
(111) net planes. Contamination with higher harmonics in the incident beam was
removed by rhodium-coated mirrors located downstream of the monochromator.
Vertical focusing of the incident beam at the sample was performed by slightly
bending the mirrors. EXAFS data of Ag, In, Sb and Te K edges were collected in
transmission mode at 26 K. The backscattering amplitudes and the mean free paths
used for the EXAFS analyses were obtained from FEFF (ref. 30) calculations. The
coordination numbers N and bond lengths r were determined by least-squares
fitting using the Rigaku REX2000 (ref. 31) software. The analysis was simplified by
assuming that each absorbing atomwas surrounded by Sb atoms alone.

Hard X-ray photoelectron spectroscopy. Bulk-sensitive hard X-ray photoelectron
spectra of valence-band and core levels32 were measured at the undulator beamline
BL47XU of SPring-8. The X-ray energy was 7.9455 eV, and the total resolution was
250meV. The sample surfaces were covered by sputtered carbon layers of 2–3 nm
thickness immediately after preparation to avoid oxidation. The carbon overlayers
contribute very little to the valence-band spectra owing to the large probing depth
(about 10 nm) and the low photo-ionization cross sections of C valence electrons.
The background of each spectrum was subtracted using the method of ref. 33,
and the spectra were analysed by least-mean-square fits to linear combinations of
p-DOS. The In 4d and Ag 4d peaks of p-DOS were shifted by about 3 eV and 1 eV,
respectively, to coincide with the corresponding peaks in the experimental spectra.
These energy differences arise from the effects of final-state localized core holes in
the photoelectron-emission processes.

Density functional calculations and RMC refinement. The combined DF–MD
calculations were performed with the CPMD package34. The generalized
gradient approximation of Perdew et al. (PBEsol; ref. 35) was adopted for
the exchange–correlation energy functional, with pseudopotentials (including
nonlinear core corrections) of Troullier–Martins form36. The valence states of
Ag and In include the 4d electrons. Periodic boundary conditions are used, with
a single point (k = 0) in the Brillouin zone. The kinetic-energy cutoff of the
plane-wave basis was 60 Ryd.

We performed Born–Oppenheimer simulations with time steps of 3.025 fs
and 6.050 fs (much longer than in the standard Car–Parrinello approach) for
initialization and data collection, respectively, and an efficient predictor–corrector
algorithm. The simulation cell contained 23Ag, 25 In, 480 Sb and 112 Te atoms,
and the densities were 0.0329 atomsÅ�3 (c-AIST) and 0.0306 atomsÅ�3 (a-AIST).
The simulations were started at 3,000K (liquid) in a cubic box of side 27.09 Å,
followed by cooling (30 ps) to the melting point (850K, 0.0322 atomsÅ�3) and
data collection (20 ps; ref. 37). Subsequent cooling to 300K over 100 ps with
gradually decreasing density was followed by data collection (30 ps). The system
was quenched and the geometry optimized at the final density (box size 27.57 Å).
This structure was refined using the RMC++ code38 with the experimental
X-ray total structure factor S(Q) and constraints on the average coordination
number of all atoms and on the bond angle distributions of Sb–Sb–Sb, Sb–Te–Sb,
Te–Sb–Sb and Te–Sb–Te.

The calculations on c-AIST (A7 structure) used 648 atoms in a hexagonal unit
cell (a= 25.826Å, c = 33.43Å). The lattice sites were occupied by 23Ag, 25 In,
486 Sb and 114 Te atoms by introducing correlations between dopant atoms (Ag,
In) and Te (Ag/In attracted by Te, Te avoids itself) and optimizing the structure. A
cutoff distance of 3.2 Å was applied throughout to analyse pair distribution function
and angular and ring distributions, and the electronic structure was analysed using
atom-centred orbitals and Mayer bond orders. The completeness of the projections
onto the localized basis set was 99.5%. The cavity analysis12,13 was carried out using
a cutoff radius of 2.8 Å for the cavity-probing test particle. The cohesive energy is
35meV atom�1 lower in a-AIST than in c-AIST (4.07 eV atom�1). These values
include corrections for the small differences in the simulation samples (640 and
648 atoms, respectively), and the fact that both compositions differ slightly from
that of the measured sample.
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Figure 4 | PC mechanism of a-AIST. The bonding electrons are excited by
laser light, causing the atoms in the amorphous phase to move. Finally, the
central atom with three short (red) and three long (dashed) bonds crosses
the centre of the distorted octahedron, interchanging a short and a long
bond. Green: resultant vector of short bonds. Resonant bonding between
periodic short and long bonds leads to the crystalline A7 network. The grey
sticks (lower right) correspond to the red bonds (upper right). Atom
colours as in Fig. 2c.

The structure (bond lengths and angles) and chemical
coordination numbers obtained by the RMC-refined DF calcu-
lations lead to the local environment around Sb atoms shown in
Fig. 4. Both a-AIST (left panel) and c-AIST (right panel) resemble
a (distorted) 3+ 3 octahedron. Each vector shown is the sum of
(typically three) short bonds and has been computed for each atom
by summing bond vectors and applying a smooth Fermi function
(cutoff at 3.2 Å) for individual weights. The norm of a vector
is largest for three short bonds (orthogonal directions, distorted
octahedron). The vectors are reminiscent of a ‘pseudospin’ in phase
transition models and are randomly oriented in a-AIST. Laser
irradiation or electric heating can lead to a sequence of small atomic
shifts that align the vectors along the c axes of crystalline (A7, hexag-
onal) cells in the rim, so the entire amorphous mark takes on the
A7 structure. We suggest that the PC is simply a small displacement
of the central atom as it interchanges one short (red) and one long
(dashed) bond. This is analogous to the SN2 reaction or ‘interchange
mechanism’ discussed extensively in the inorganic chemistry of
molecular reactions19,20. Here there are three potential bond-pairs
in orthogonal directions, and the transition also has an analogy to
the theory of liquid crystals, where the c axis acts as a ‘director’ of
the system21. The close correspondence between the first peaks in
T (r) in a- and c-AIST is further evidence that the structural change
is dominated by bond interchanges among near neighbours.

The atomic interchange alters the orientation of the octahedron,
which can adjust to the crystalline surroundings. The lower
panels of Fig. 4 show how the vectors, randomly oriented in a
fragment of a-AIST, become aligned along the c axis. The octahedra
become ordered (A7 structure), the cavities disappear, and the
density increases by 7%. The small atomic displacement simply
interchanges a strong bond and a weak bond, requiring neither
bond breaking nor diffusion, and the process is a sequential,
collective motion of Sb atoms, the main component of a-AIST.
The energy barrier for a single Sb–Sb bond interchange has been
estimated to be 0.42 eV by carrying out constrained DF calculations
(see Supplementary Section VI). This value is consistent with the
rapid PC found in a-Sb, but the presence of other elements (Ag, In,
Te) and other bond types (for example Sb–Te) in AIST will lead
to a higher effective barrier (experimentally above 2 eV; ref. 22)

that will hinder the sequential alignment of Sb atoms and ensure
the long-term stability of amorphous marks at RT. Nevertheless,
an avalanche of bond interchanges may explain both the instability
of amorphous Sb at RT and the rapid phase change at higher T in
a-AIST and other group 2 materials23.

We have determined the structure and electronic properties of
a-AIST and a-GST using the same technique, and we now use this
information to discuss the differences between their crystallization
processes. First, the distributions of closed loops (‘ring statistics’,
Fig. 5a) differ significantly. In a-GST, 40% of the rings are fourfold
or sixfold, whereas the distribution in a-AIST is much broader;
the most common (fivefold) rings make up only 15% of the
total. Amorphous AIST shows links between rings of various
sizes (Fig. 2c), whereas small rings dominate in a-GST (Fig. 2d).
Differences in the topological constraints24,25 of ring statistics
and cavity concentrations in a- and c-GST imply crystallization
processes with changes in bond lengths and coordination numbers
(see Fig. 2b). In a-AIST, we propose that a sequence of ring
reconstructions by way of bond interchanges results in sixfold
rings with short Sb bonds (Fig. 5b) accompanied by small changes
in the bond lengths (see Fig. 2b). Depending on the sample,
crystallization proceeds either from the crystalline area surrounding
an amorphous mark (growth-dominated crystallization) or from
a crystalline seed (template) that exceeds the critical size for
nucleation (slow nucleation for group 2). The latter occurs in
as-deposited AIST films where the amorphous area is larger, and
we have observed that crystallization of such films is difficult if
the surroundings of an amorphous mark are not crystalline. By
contrast, many four- and sixfold rings in a-GST (Fig. 5c) act as
nuclei for crystallization and require larger atomic displacements
than in a-AIST. Crystallization starts simultaneously from many
such nuclei in the amorphous mark (NaCl fragments, Fig. 2d)
and lead to an aggregation of small crystal grains. This is
aided by the higher concentrations of cavities (Fig. 2d) and of
Te atoms, which favour low coordination. The structures we
have found have led us to propose a ‘bond-interchange’ model
as the origin of ‘growth-dominated’ crystallization of a-AIST,
whereas the large fraction of crystalline nuclei in a-GST (‘embryo
nucleation’) is the origin of the ‘nucleation-driven’ crystallization
in GST. Nucleation is slower in AIST than in GST, because larger
crystalline seeds are needed to impose an A7-type director on the
neighbouring amorphous atoms.

Extensive experimental (XRD, EXAFS, HXPS) and theoretical
(DF-MD simulation with 640 atoms) studies of the AIST
alloy Ag3.5In3.8Sb75.0Te17.7 have revealed its structure and related
properties. The local environment of Sb atoms resembles a distorted
3 + 3 octahedron in both crystalline and amorphous phases,
and the bond lengths in a-AIST are slightly shorter (stronger)
than in c-AIST (Fig. 2b, Table 1), with enhanced insulating
or semiconducting features. Crystalline AIST has a Jahn–Teller
distorted octahedral structure16 and more metallic features, as seen
in the electronic DOS (Fig. 3a and b). The similarity of the DOS is
consistent with small atomic displacements during the PC.

According to the bond-interchange model, crystallization of
a-AIST can be viewed as a rapid succession of diffusionless events
where the 3+ 3 octahedra are aligned along the crystalline c axis
imposed by the surrounding crystal (see Fig. 1c). Heating or photon
excitation causes the octahedra to align near the matrix boundary,
and blade- or needle-like crystallites can grow along the laser-
scanning direction, as often observed in Sb-based PCmaterials. The
lack of cavities and chemical alternation in a-AIST favour smooth
crystal growth. The precise roles of the low-concentration dopant
atoms (Ag, In) are not yet clear, but they increase the viscosity at
temperatures near RT, impeding atomic motion and stabilizing the
amorphous marks. This is consistent with the dopant dependence
of the crystallization temperature found in AIST (ref. 26). In a-GST,
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Simulation method

§ DFT and molecular dynamics (MD) à
atomic and electronic structure, dynamics

§ CPMD program package (www.cpmd.org)

§ Born-Oppenheimer MD driver, thermostat, predictor-corrector algorithm
§ Scalar-relativistic TM91 pseudopotentials,1 plane wave basis set
§ PBEsol2 for the exchange-correlation energy functional

§ Amorphous structures from previous work;3,4  melt-quench down to 300 K 
(460 atoms) and computer-aided deposition at 300 K (648 atoms)

§ Crystallization simulations for systems of 460 and 648 atoms at 500, 600 
and 700 K; individual process duration up to 8. ns.

§ Massively-parallel simulations on IBM Blue Gene/Q (JUQUEEN) and Intel 
Xeon 5570 (JUROPA) supercomputers in FZ Jülich
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How to define “crystalline” atoms?

Order parameter by Steinhardt et al. uses spherical harmonics to calculate the
relative angles of bonds.

Ylm is spherical harmonics function of the unit vector from atom i towards atom j.
Nb(i) is the number of atoms neighboring atom i plus one and the k sum runs over
atom i and its neighbors while the j sum runs over the neighbors only.

The order parameter effectively takes into account the local environment up
to the second coordination shell.

P.J. Steinhardt, D.R. Nelson and M. Ronchetti, PRB 28, 784 (1983).

Order parameter

€ 
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2. Bond orientational order

Crystallization is the ordering of a disordered system, and
it is essential to quantify the directional order of a system of
bonds and to define “crystalline” atoms. Angular correlations
at an atomic scale can be achieved by projecting interatomic
vectors r⃗ij onto a basis of spherical harmonics Ylm(r⃗ij ), and
the order parameter of Steinhardt, Nelson, and Ronchetti22 has
proved to be valuable in several contexts:23

Q̄l(i) =

√√√√ 4π

2l + 1

l∑

m=−l

|Q̄lm(i)|2, (3)

where

Q̄lm(i) = 1
Nb(i)

Nb(i)∑

k=0

Qlm(k), (4)

and Nb(i) includes the atom i and its neighbors, thereby
averaging over an atom and its first coordination shell and
including intermediate range order. The single atom quantity
Qlm(i) is

Qlm(i) = 1
N (i)

N(i)∑

j=1

Ylm(r⃗ij ), (5)

where N (i) is the number of neighbors for atom i. For cubic
structures, the first nonzero value of Q̄ℓ is for ℓ = 4, and we
define a “crystalline atom” as one for which Q̄4 ! 0.6.

3. Percolation

The connection between statistical mechanics, particularly
phase transitions, and percolation has a vast literature.24 In the
case of GST, simultaneous measurements of electrical resis-
tivity and optical reflectivity showed a significant influence of
percolation on electrical properties, but a negligible influence
on optical properties.25 We have analyzed percolation of
the simulation trajectories by locating “crystalline” atoms as
defined above and determined whether there was a continuous
path of such atoms (maximum bond length 3.20 Å) from an
atom i to the same atom in a neighboring cell.

4. Cavities

Cavities (vacancies, voids) are defined and monitored as
in our previous work.4,5,26 We used a mesh of 0.057 Å to
determine the grid points (cavity domains) at least 2.8 Å from
all atoms. Cavities were determined for these domains using
the Voronoi construction for disordered systems (the analog
of the Wigner-Seitz cell in crystals). All points on a domain
surface were used in the construction. The cavity center is the
center of the largest sphere that can be placed inside the cavity
without overlapping an atom. As noted above, the correlations
of these centers with atoms and other cavities were monitored
throughout, as were the distribution of cavity volumes and
the total volume. The cavities have been visualized using the
PYMOLDYN program.27

III. RESULTS

The 460-atom simulations in 600 and 700 K temperatures
showed full crystallization, and the former is visualized in

Figs. 1(a) through 1(d). In the simulation at 500 K and in
the 648-atom simulation at 600 K [Figs. 1(e) and 1(f)] there
was crystal growth around the seed, but crystallization was not
complete within 600 ps.

A. Pair distribution functions, total energy,
and crystalline atoms

The evolution of the partial PDF at 600 K is shown in
Fig. 2. The crystalline seed gives rise to Bragg peaks at 3.00,
4.24, 5.20, 6.00, 6.71, and 7.35 Å, which are enhanced by
crystallization. The increase is most rapid between 280–300
and 480–500 ps at 600 K (Fig. 2). The partial PDF at 500 and
700 K are given in the Supplementary Information (SI).28

The rapid increase at 700 K occurs between 80–100 and
180–200 ps. The total coordination numbers at the beginning
and end of the 460-atom simulations (500, 600, 700 K) were
calculated from the PDF for Ge, Sb, and Te atoms and cavities
and are also given in the SI.28 They show the expected change
from amorphous to crystalline values for the samples that
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2. Bond orientational order

Crystallization is the ordering of a disordered system, and
it is essential to quantify the directional order of a system of
bonds and to define “crystalline” atoms. Angular correlations
at an atomic scale can be achieved by projecting interatomic
vectors r⃗ij onto a basis of spherical harmonics Ylm(r⃗ij ), and
the order parameter of Steinhardt, Nelson, and Ronchetti22 has
proved to be valuable in several contexts:23
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and Nb(i) includes the atom i and its neighbors, thereby
averaging over an atom and its first coordination shell and
including intermediate range order. The single atom quantity
Qlm(i) is

Qlm(i) = 1
N (i)

N(i)∑

j=1

Ylm(r⃗ij ), (5)

where N (i) is the number of neighbors for atom i. For cubic
structures, the first nonzero value of Q̄ℓ is for ℓ = 4, and we
define a “crystalline atom” as one for which Q̄4 ! 0.6.

3. Percolation

The connection between statistical mechanics, particularly
phase transitions, and percolation has a vast literature.24 In the
case of GST, simultaneous measurements of electrical resis-
tivity and optical reflectivity showed a significant influence of
percolation on electrical properties, but a negligible influence
on optical properties.25 We have analyzed percolation of
the simulation trajectories by locating “crystalline” atoms as
defined above and determined whether there was a continuous
path of such atoms (maximum bond length 3.20 Å) from an
atom i to the same atom in a neighboring cell.

4. Cavities

Cavities (vacancies, voids) are defined and monitored as
in our previous work.4,5,26 We used a mesh of 0.057 Å to
determine the grid points (cavity domains) at least 2.8 Å from
all atoms. Cavities were determined for these domains using
the Voronoi construction for disordered systems (the analog
of the Wigner-Seitz cell in crystals). All points on a domain
surface were used in the construction. The cavity center is the
center of the largest sphere that can be placed inside the cavity
without overlapping an atom. As noted above, the correlations
of these centers with atoms and other cavities were monitored
throughout, as were the distribution of cavity volumes and
the total volume. The cavities have been visualized using the
PYMOLDYN program.27

III. RESULTS

The 460-atom simulations in 600 and 700 K temperatures
showed full crystallization, and the former is visualized in

Figs. 1(a) through 1(d). In the simulation at 500 K and in
the 648-atom simulation at 600 K [Figs. 1(e) and 1(f)] there
was crystal growth around the seed, but crystallization was not
complete within 600 ps.

A. Pair distribution functions, total energy,
and crystalline atoms

The evolution of the partial PDF at 600 K is shown in
Fig. 2. The crystalline seed gives rise to Bragg peaks at 3.00,
4.24, 5.20, 6.00, 6.71, and 7.35 Å, which are enhanced by
crystallization. The increase is most rapid between 280–300
and 480–500 ps at 600 K (Fig. 2). The partial PDF at 500 and
700 K are given in the Supplementary Information (SI).28

The rapid increase at 700 K occurs between 80–100 and
180–200 ps. The total coordination numbers at the beginning
and end of the 460-atom simulations (500, 600, 700 K) were
calculated from the PDF for Ge, Sb, and Te atoms and cavities
and are also given in the SI.28 They show the expected change
from amorphous to crystalline values for the samples that
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2. Bond orientational order

Crystallization is the ordering of a disordered system, and
it is essential to quantify the directional order of a system of
bonds and to define “crystalline” atoms. Angular correlations
at an atomic scale can be achieved by projecting interatomic
vectors r⃗ij onto a basis of spherical harmonics Ylm(r⃗ij ), and
the order parameter of Steinhardt, Nelson, and Ronchetti22 has
proved to be valuable in several contexts:23
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including intermediate range order. The single atom quantity
Qlm(i) is

Qlm(i) = 1
N (i)
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Ylm(r⃗ij ), (5)

where N (i) is the number of neighbors for atom i. For cubic
structures, the first nonzero value of Q̄ℓ is for ℓ = 4, and we
define a “crystalline atom” as one for which Q̄4 ! 0.6.

3. Percolation

The connection between statistical mechanics, particularly
phase transitions, and percolation has a vast literature.24 In the
case of GST, simultaneous measurements of electrical resis-
tivity and optical reflectivity showed a significant influence of
percolation on electrical properties, but a negligible influence
on optical properties.25 We have analyzed percolation of
the simulation trajectories by locating “crystalline” atoms as
defined above and determined whether there was a continuous
path of such atoms (maximum bond length 3.20 Å) from an
atom i to the same atom in a neighboring cell.

4. Cavities

Cavities (vacancies, voids) are defined and monitored as
in our previous work.4,5,26 We used a mesh of 0.057 Å to
determine the grid points (cavity domains) at least 2.8 Å from
all atoms. Cavities were determined for these domains using
the Voronoi construction for disordered systems (the analog
of the Wigner-Seitz cell in crystals). All points on a domain
surface were used in the construction. The cavity center is the
center of the largest sphere that can be placed inside the cavity
without overlapping an atom. As noted above, the correlations
of these centers with atoms and other cavities were monitored
throughout, as were the distribution of cavity volumes and
the total volume. The cavities have been visualized using the
PYMOLDYN program.27

III. RESULTS

The 460-atom simulations in 600 and 700 K temperatures
showed full crystallization, and the former is visualized in

Figs. 1(a) through 1(d). In the simulation at 500 K and in
the 648-atom simulation at 600 K [Figs. 1(e) and 1(f)] there
was crystal growth around the seed, but crystallization was not
complete within 600 ps.

A. Pair distribution functions, total energy,
and crystalline atoms

The evolution of the partial PDF at 600 K is shown in
Fig. 2. The crystalline seed gives rise to Bragg peaks at 3.00,
4.24, 5.20, 6.00, 6.71, and 7.35 Å, which are enhanced by
crystallization. The increase is most rapid between 280–300
and 480–500 ps at 600 K (Fig. 2). The partial PDF at 500 and
700 K are given in the Supplementary Information (SI).28

The rapid increase at 700 K occurs between 80–100 and
180–200 ps. The total coordination numbers at the beginning
and end of the 460-atom simulations (500, 600, 700 K) were
calculated from the PDF for Ge, Sb, and Te atoms and cavities
and are also given in the SI.28 They show the expected change
from amorphous to crystalline values for the samples that
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cubic seed of 58 atoms, T=600 K
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Energetics, local 
order, rings 

§ Clear correlation between energy, 
order parameter and ABAB ring
growth

§ Crystallization: 600 and 700 K 
(460 atoms)

§ Some sudden jumps caused by
changing cell size

§ 460-atom 500 K and 648-atom 
600 K simulations show early
signs of crystallization

J. KALIKKA, J. AKOLA, J. LARRUCEA, AND R. O. JONES PHYSICAL REVIEW B 86, 144113 (2012)
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FIG. 3. (Color online) (a) Total energy (normalized for box size),
(b) fraction of crystalline atoms, and (c) number of ABAB rings/atom
in each simulation. The discontinuities in slope (steps) in (c) are due
to changes in supercell size.

order and smaller changes otherwise. The PDF for cavities
are discussed in detail in Sec. III E.

Figure 3 shows the DF energy, fraction of crystalline atoms
(via order parameter Q̄4), and number of ABAB squares in
all simulations. Crystallization is more rapid at 700 K than
at other temperatures, with the crystalline fraction increasing
most rapidly between 150–205 ps, but it is also complete
within 600 ps at 600 K. The number of ABAB squares and the
strength of the Bragg peaks correlate well with the number of
crystalline atoms. At 600 K, the number of crystalline atoms
increases by 40% between 330 and 435 ps, and it changes
by 50% between 150 and 205 ps at 700 K. The more rapid
crystallization at higher temperatures is consistent with the
higher atomic mobility and with the results of recent ultrafast
heating calorimetry measurements.29

The fraction of crystalline atoms for each element is shown
in Fig. 4. The fraction is lowest in Ge until near the end of
crystallization at both 600 and 700 K, which is related to
the coexistence of tetrahedral (minority) and octahedral Ge
in the amorphous state.4,30 As crystallization proceeds, the
tetrahedral component of tetrahedral Ge becomes negligible,
and the Ge fraction becomes comparable to the other two.

More information about the crystal growth mechanism can
be found by studying the first two shells around the (4 × 4 × 4)
seed: a 6 × 6 × 6 and an 8 × 8 × 8 cubes. The distance from
the nearest fixed atom determines the shell of a particular atom.
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FIG. 4. (Color online) Number of crystalline atoms by element in
(a) 500, (b) 600, and (c) 700 K simulations. The vertical dashed lines
mark reductions in the supercell size until the crystalline density is
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Figure 5 shows that the crystallization speed increases faster
than linearly in the number of atoms on going from the first
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FIG. 5. (Color online) Number of crystalline atoms (460-atom
simulations) in the first (0–6 Å from nearest fixed atom) and second
(over 6 Å from nearest fixed atom) shell around the fixed seed. The
vertical dashed lines mark changes in the supercell size.
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600 K: 100 ps 10



600 K: 200 ps 11



600 K: 300 ps 12



600 K: 400 ps 13



600 K: 500 ps 14



Electronic density of states (DOS)

FIG. 7: [Supplementary Fig. 7] Projected electronic density of states (DOS) and inverse participa-

tion ratio (IPR, right scale). DOS is plotted by orbital at (a) 10 ps, (b) 600 ps, and by element at

(c) 10 ps and (d) 600 ps.
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Crystallization 
without “seed”
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• Amorphous starting structure, 
memory-effect (dissolved seed)

• 460 atoms

• T = 600 K, “run0”

• Simulation time: 1.25 ns
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Crystallization 
without “seed”

• Amorphous starting structure, 
memory-effect (dissolved seed)

• 460 atoms

• T = 600 K, “run0”

• Simulation time: 1.25 ns
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FIG. 1. [Supplementary Fig. 1] Crystallization of Ge2Sb2Te5 showing “crystalline” atoms. Green:
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Cavities and percolation
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Amorphous starting structure, memory-effect due 
to dissolved seed à crystallization occurs in 1.25 ns

J. Kalikka, J. Akola, and R.O. Jones, PRB 90, 184109 (2014).

Crystallization 
starts immediately
à memory!

Percolation 
continuous in all 
directions after 
750 ps (~40% of 
atoms) 

J. KALIKKA, J. AKOLA, AND R. O. JONES PHYSICAL REVIEW B 90, 184109 (2014)

FIG. 3. (Color online) Crystallization in run0: (a) Total energy (normalized for box size), (b) percolation (red), fraction of percolating
frames along supercell axes (1 ps windows, black), (c) fraction of crystalline atoms. Vertical dashed lines show changes in supercell size.
(d) Stages of crystallization. Crystalline atoms are shown with spheres, bonds between noncrystalline atoms as thin lines. Green: Ge, purple:
Sb; orange: Te.

reflect percolation [first percolation in one dimension (1D),
first percolation in 3D, and continuous percolation in 3D] and
that at 950 ps the onset of collapse to the crystalline phase. The
evolution of the crystalline atoms is shown in Fig. SF1 [28],
and the fraction of crystalline atoms of each element is shown
in Fig. SF2 [28]. This fraction is lowest in Ge until near the
end of crystallization, which is consistent with the coexistence
of tetrahedral (minority) and octahedral Ge in a-GST [8,29].
As crystallization proceeds, the tetrahedral component of Ge
becomes weaker, and the Ge fraction becomes comparable to
the other elements.

Percolation is shown clearly in figures with multiple unit
cells (Fig. SF3) [28], and the size of the percolating cluster
as a function of time during crystallization is shown in
Fig. SF4 [28]. The fraction of crystalline atoms [Fig. 3(c)] and
the number of ABAB squares increase, and the strength of the
Bragg peaks correlate well with increasing order. All quantities
change dramatically between 950 and 1050 ps after the system
develops a continuous crystalline network across the cell
boundaries in all directions [Fig. 3(d)]. The remaining atoms
then adjust rapidly to the crystalline framework. Percolation
[Fig. 3(b)] shows no preferred direction and can be achieved
with a fraction of crystalline atoms as low as ∼ 20%, well
before any well-defined nucleus is visible and before the
critical stage of nucleation [Fig. 3(d)].

2. Wrong bonds

Wrong bonds (Ge-Ge, Ge-Sb, Te-Te, and Sb-Sb) are those
that do not occur in the Yamada model of the cubic structure
of GST [5,6], but they are evident in Fig. 1 and as maxima

in the partial PDF of the crystallized samples (Fig. 2). Their
number decreases particularly rapidly during the fast stage
of crystallization (Fig. 4), but 0.1/atom remain in the final
structure. The high concentration of Te leads to numerous
Te-Te bonds, and Te-cavity bonds are important throughout.

3. Cavities

Changes in the cavity shapes are apparent in Fig. 1. The
evolution of the total cavity volume (Fig. SF5, SI) [28] shows
some changes prior to crystallization that may arise from the
changes in the box size, but the variation is small during
the rapid stage of crystallization. The volume reduction from
the amorphous to crystalline states reflects the 7% higher
density and smaller fraction of cavities/vacancies (10% of total
volume) in c-GST [10]. The size distribution of cavities (Fig. 5)
shows periodic peaks at multiples of ∼ 35 Å3, approximately
the size of a single vacancy in the GST rock salt lattice with
our definition of a cavity.

The PDF involving cavities (Fig. 6) show increasing
order during crystallization, with the crystalline PDF showing
prominent peaks for cavities with Ge, Sb, and cavities (cav)
at distances corresponding to the opposite corners of ABAB
squares. The maximum at 5.2 Å in the Te-cav PDF [Fig. 6(c)]
corresponds to Te atoms and cavities at opposite corners of
ABAB cubes and is consistent with the rock salt structure
and AB alternation. There is a clear tendency for Ge and
Sb atoms to move away from cavities both before and
during crystallization as the simulation proceeds. Ordering
in the cavities is shown in the evolution of the cavity-cavity
PDF [Fig. 6(d)]. The final structure shows nearest-neighbor

184109-4
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[6] J. Hegedüs and S. R. Elliott, Nature Mater. 7, 399 (2008).
[7] J. Akola, R. O. Jones, S. Kohara, S. Kimura, K.

Kobayashi, M. Takata, T. Matsunaga, R. Kojima, and
N. Yamada, Phys. Rev. B 80, 020201(R) (2009).

[8] T. H. Lee and S. R. Elliott, Phys. Rev. B 84, 094124
(2011).

[9] T. H. Lee and S. R. Elliott, Phys. Rev. Lett. 107, 145702
(2011).

[10] D. Loke, T. H. Lee, W. J. Wang, L. P. Shi, R. Zhao, Y.
C. Yeo, T. C. Chong, and S. R. Elliott, Science 336, 1566
(2012).

[11] J. Kalikka, J. Akola, J. Larrucea, and R. O. Jones, Phys.
Rev. B 86, 144113 (2012).

[12] CPMD, version 3.15 <http://www.cpmd.org/>, c⃝IBM
Corp 1990-2012, c⃝MPI für Festkörperforschung

FIG. 5. Size of percolating crystalline cluster as a function of
time along x (top), y (middle), and z (bottom) axes.

Stuttgart 1997-2001.
[13] J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov,

G. E. Scuseria, L. A. Constantin, X. Zhou, and K. Burke,
Phys. Rev. Lett. 100, 136406 (2008).

[14] N. Troullier and J. L. Martins, Phys. Rev. B 43, 1993
(1991).
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FIG. 2. (a) Total energy (normalized for box size), (b)
fraction of crystalline atoms, and (c) number of ABAB
rings/atom. The vertical dashed lines show changes in su-
percell size.

stage of crystallization occurs.

The presence of cavities in the amorphous and crys-
talline phases is characteristic of materials in the
(GeTe)1−x(Sb2Te3)x family [26], and they appear to be
crucial to the rapid phase changes that occur. Recent
simulations of crystallization in GST indicated that cav-
ity diffusion to the crystal/glass interface, followed by
Ge/Sb diffusion to these sites, aided the formation of cu-
bic, cavity-free crystallites [8]. There is no evidence at
all for these effects in our 460- and 648-atom simulations
with a crystalline seed [11] or in the present work. Cavity
ordering is clear in the radial distribution function (SI).

The presence of wrong bonds, particularly Te-Te, in
our crystallized samples is striking. The arrangement of
Ge, Sb, and cavities in c-GST has often been discussed
[11], and substantial displacements from the ideal posi-
tions may occur, particularly for Ge [21]. However, the
model of a perfect Te sublattice is seldom questioned [2].
Our final structure (1250 ps) can be changed easily to
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FIG. 3. Number of crystalline atoms by element. The vertical
dashed lines mark reductions in the supercell size.

one with a perfect Te sublattice. The energy lowering is
very small (18.9 meV/atom), so that energy optimization
does appear to favor Te occupancy of one sublattice [see
Fig. 1(c)]. However, the nanosecond time scale will lead
inevitably to one of the many structures with “wrong
bonds”, rather than the relatively few with a perfect Te
sublattice and similar energy. The vibration frequencies
in GST (typically 100 cm−1 or 3 THz) [27] allow several
thousand vibrations during crystallization, which allows
significant atomic motion (such as diffusion) in all ele-
ments, including Te [11].

Crystallization is much faster in an amorphous sam-
ple that had previously been crystalline. This striking
“memory effect” provides a possible mechanism for ac-
celerating the process, and we note the parallel to the
pre-ordering obtained using a low voltage in the same
material [28].
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Three other runs: 
stochastic nature

run3: 1.25 ns and 2.94 ns

20

run2: Nucleus of ~200 atoms

run1 
run2 
run3

subcritical



Three other runs: nuclei sizes

Note: Same initial structure and temperature, different initial velocities!
• Crystal growth directions differ from the unit cell axes
• Two nuclei clash in run1 à temporary blocking of each other 
• run2 proceeds fast once percolation sets in + no clash

Nucleus of ~200 atoms

run2

run1

run3

21J. Kalikka, J. Akola, and R.O. Jones, PRB 90, 184109 (2014).



• Subcritical nuclei (before 1.5 ns) and three largest cluster sizes
• Interface between the two largest clusters fluctuates à merging ON/OFF

22J. Kalikka, J. Akola, and R.O. Jones, PRB 90, 184109 (2014).
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cluster 3
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Three other runs: Wrapping up…

J. Kalikka, J. Akola, and R.O. Jones, PRB 2016, accepted

2

in steps from the amorphous (0.0308 atoms/Å3) to the
crystalline value (0.0330 atoms/Å3) by changing the size
of the cell to reflect the fraction of crystalline atoms in
the sample. These are identified using the order param-
eter defined by Steinhardt, Nelson, and Ronchetti.13

The MD trajectories provide the coordinates and ve-
locities of all particles throughout, enabling us to cal-
culate pair distribution functions of all atom types and
cavities, average coordination numbers, (partial) struc-
ture factors, percolation of crystalline structural units as
a function of time, mean square displacements (MSD) of
the atoms, the speed of crystallization, and the vibration
frequency distribution (power spectrum). Full details are
provided in Ref. 11. Cavities (vacancies, voids) are de-
fined as in our previous work4,5,10 and calculated using
the pyMolDyn program (version 0.8.5).14 We introduce
here a new method of analyzing the relationship between
cavity volumes and the local atomic environment.

III. RESULTS

The starting configurations of the three simulations
were obtained by different paths from the structure of
a-GST determined in Ref. 4. These three simulations
had no history of order and differed only in their initial
velocity distributions: run1 used the a-GST structure of
Ref. 4 with the velocity distributions generated at 600 K,
the starting structure of run2 was found after an addi-
tional 500 MD steps using velocity scaling, and run3 was
derived from the structure of run2 with 500 further MD
steps with velocity scaling at 600 K.

A. Total energy, crystallinity, percolation

Order was much slower than in the sample with a his-
tory of order (run0) and required from 5 − 8 ns: the
largest clusters were 270 atoms in run1, over 430 in
run2, and 350 atoms in run3. Percolation occurred in
all cases: run1 percolates from 1 ns with the largest
fraction of crystalline atoms, run2 begins percolating be-
tween 2−3 ns, and run3 after 3 ns. The onset of nuclear
growth appears to follow the first signs of percolation and
is preceded by a phase of sub-critical nuclei with 10− 50
atoms. The change in the total energy [Fig. 1(f)] shows
that structural relaxation occurs from the outset. The
final total energy in run2 and run3, relative to the amor-
phous state, is −80 meV/atom, and it is slightly higher
(−75 meV/atom) in run1, where there are two unaligned
clusters. The value for the amorphous sample with a his-
tory of order (run0) is −100 meV/atom,11 and that for
the simulation with a crystalline seed −110 meV/atom.10

The correlation between order and low total energy is
clear.

The cluster sizes and shapes vary greatly, and nuclear
growth is evident in run1 already after 1 ns, before which
the unstable nuclei of 40−60 atoms are far from spherical

FIG. 1. Three simulations (run1-run3) starting from the
amorphous structure of Ref. 4. (a-c) Percolation in x, y, and
z-directions. Black: fraction of percolating frames in 1 ps
windows, colored background: percolating frames, (d) size of
largest cluster, (e) number of ABAB squares, including run0,
and (f) total energy (normalized for box size). Green: run0,
red: run1, purple: run2, blue: run3.

or cubic. Fused ABAB squares and cubes are present,
with interconnecting bonds. After percolation (1 ns),
a crystallite grows to extend over the whole simulation
box in one direction until it collides (after 2 ns) with an-
other nucleus with a different orientation. Crystal growth
slows until 3 ns, after which the larger nucleus contin-
ues to grow. Finally (after 5 ns), the largest cluster
is a continuous crystalline slab occupying approximately
one half of the simulation cell and percolating in the x
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in steps from the amorphous (0.0308 atoms/Å3) to the
crystalline value (0.0330 atoms/Å3) by changing the size
of the cell to reflect the fraction of crystalline atoms in
the sample. These are identified using the order param-
eter defined by Steinhardt, Nelson, and Ronchetti.13

The MD trajectories provide the coordinates and ve-
locities of all particles throughout, enabling us to cal-
culate pair distribution functions of all atom types and
cavities, average coordination numbers, (partial) struc-
ture factors, percolation of crystalline structural units as
a function of time, mean square displacements (MSD) of
the atoms, the speed of crystallization, and the vibration
frequency distribution (power spectrum). Full details are
provided in Ref. 11. Cavities (vacancies, voids) are de-
fined as in our previous work4,5,10 and calculated using
the pyMolDyn program (version 0.8.5).14 We introduce
here a new method of analyzing the relationship between
cavity volumes and the local atomic environment.

III. RESULTS
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a-GST determined in Ref. 4. These three simulations
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velocity distributions: run1 used the a-GST structure of
Ref. 4 with the velocity distributions generated at 600 K,
the starting structure of run2 was found after an addi-
tional 500 MD steps using velocity scaling, and run3 was
derived from the structure of run2 with 500 further MD
steps with velocity scaling at 600 K.

A. Total energy, crystallinity, percolation

Order was much slower than in the sample with a his-
tory of order (run0) and required from 5 − 8 ns: the
largest clusters were 270 atoms in run1, over 430 in
run2, and 350 atoms in run3. Percolation occurred in
all cases: run1 percolates from 1 ns with the largest
fraction of crystalline atoms, run2 begins percolating be-
tween 2−3 ns, and run3 after 3 ns. The onset of nuclear
growth appears to follow the first signs of percolation and
is preceded by a phase of sub-critical nuclei with 10− 50
atoms. The change in the total energy [Fig. 1(f)] shows
that structural relaxation occurs from the outset. The
final total energy in run2 and run3, relative to the amor-
phous state, is −80 meV/atom, and it is slightly higher
(−75 meV/atom) in run1, where there are two unaligned
clusters. The value for the amorphous sample with a his-
tory of order (run0) is −100 meV/atom,11 and that for
the simulation with a crystalline seed −110 meV/atom.10

The correlation between order and low total energy is
clear.

The cluster sizes and shapes vary greatly, and nuclear
growth is evident in run1 already after 1 ns, before which
the unstable nuclei of 40−60 atoms are far from spherical

FIG. 1. Three simulations (run1-run3) starting from the
amorphous structure of Ref. 4. (a-c) Percolation in x, y, and
z-directions. Black: fraction of percolating frames in 1 ps
windows, colored background: percolating frames, (d) size of
largest cluster, (e) number of ABAB squares, including run0,
and (f) total energy (normalized for box size). Green: run0,
red: run1, purple: run2, blue: run3.

or cubic. Fused ABAB squares and cubes are present,
with interconnecting bonds. After percolation (1 ns),
a crystallite grows to extend over the whole simulation
box in one direction until it collides (after 2 ns) with an-
other nucleus with a different orientation. Crystal growth
slows until 3 ns, after which the larger nucleus contin-
ues to grow. Finally (after 5 ns), the largest cluster
is a continuous crystalline slab occupying approximately
one half of the simulation cell and percolating in the x

FIG. 1. [SF1] Optimized structure of run1 (2× 2× 2 replicas) viewed along the z-axis. Crystalline

atoms: ball-and-stick (Ge: brown, Sb: gray, Te: cyan), amorphous atoms thin lines (Ge: green,

Sb: purple, Te: orange).

2

Individual processes and end products, 
grain boundaries, crystallization velocity,…



PCM-graphene heterostructures
• Graphene has interesting properties (zero-gap semiconductor, Dirac 

cone) but poor performance in optical devices

• Heterostructures with graphene display improved properties1 à 2D 
materials engineering (“hot topic”)

• Layered chalcogenides display “similar” electronic properties, e.g. Bi2Te3
and Sb2Te3 (Dirac cone, topological insulators)

• Graphene used as an electrode interface material in PC-RAM 
benchmarks2 à reduced heat loss, low set/reset currents, reduced 
degradation at the PCM-heater (TiN) interface

• Idea 1: Ferroelectric RAM built from GST materials ß lattice constants of 
GeTe or GST-225 rocksalt (111) surface and √3�√3 overlayer on 
graphene are almost the same (commensurate)

• Idea 2: Can one combine the remarkable ultra-fast phase transition of 
PCMs with the 2D properties of graphene?

24

1H. Qiao et al. ACS Nano 9, 1886 (2015).
2C. Ahn, Nano Lett. 15, 6809 (2015).



Model structures
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• Crystalline and amorphous films of GeTe and Ge2Sb2Te5 with graphene 
(432 and 475 atoms in total, 216 carbon atoms)
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• Crystalline film of GeTe + graphene
• Dirac cone relocated from K to Γ due to supercell
• Band gap opens!
• Test: Shirley method for k-point interpolation (black) à greatly reduced 

computational cost for band structure calculations of large systems

D. Prendergast and S. G. Louie, Phys. Rev. B 80, 235126 (2009).
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c-GeTe a-GeTe c-GST a-GST(a) (b) (c) (d)

• Band structure around Dirac cones computed with the method 
of Shirley (interpolation)

• Flat bands due to PCM, splitting due to graphene undulation
• Crystalline films open up a gap, sensitive to pressure
• Amorphous films shift the Fermi energy to the valence band

S. Kulju, J. Akola, D. Prendergast, and 
R.O. Jones, PRB 93, 195443 (2016).



28

Polarization and local DOS
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2D heterostructures with PCMs
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2D heterostructure where individual 
graphene sheets display different 

electronic properties depending on 
the neighboring PCM layers 

à (opto)electronic applications?

• Graphene is sensitive to the 
state (amorphous/crystal) of 
the neighboring PCM layer 
(Dirac cone)

• Crystalline PCM layer renders 
graphene semiconducting à
piezoelectric

• Amorphous PCM layer tunes 
graphene more conductive (?)

• Note: We have used ideal 
compositions (50:50 for GeTe, 
2/2/5 for GST)

S. Kulju, J. Akola, D. Prendergast, and 
R.O. Jones, PRB 93, 195443 (2016).

Collected findings and ideas:



J. AKOLA et al. PHYSICAL REVIEW B 89, 064202 (2014)

TABLE III. Percentage of atoms of element α with coordination number Nα , and dominant configurations in a-AgAsS2 at 300 K (DF/MD
simulations, values under 1% are excluded). Bond cutoffs as in Table I. Boldface: total coordination number.

α Nα = 2 3 4 5 6 7 8 9

As 81.2 17.8
S3: 73.4 AgS3: 11.9

AsS2: 7.7 S4: 3.1
AgAsS2: 2.1

S 6.0 28.3 40.8 19.5 4.6
As2: 4.1 AgAs2: 18.7 Ag3As: 19.6 Ag4As: 12.1 Ag5As: 2.4

Ag2As: 8.7 Ag2As2: 18.9 Ag3As2: 5.4 Ag3AsS: 1.0
Ag 1.0 9.7 24.6 32.3 21.0 8.0 2.7

S4: 5.3 AgS4: 12.8 Ag2S4: 13.0 Ag2S5: 7.6 Ag4S4: 2.7 Ag5S4: 1.1
AgS3: 2.8 Ag2S3: 4.7 AgS5: 9.6 Ag3S4: 6.7 Ag3S5: 2.4

S5: 3.3 Ag3S3: 3.7 Ag4S3: 2.0

much lower density and a much larger cavity volume (37.8 %)
than AgAsS2 (4.8%) and is clearly porous at the atomistic
level. The cavity volume of a-SiO2 was 31.9% with the same
parameter set [45].

The trechmannite structure may be viewed as a defective
PbS (galena) structure. The defects are vacancies: one on
an Ag site surrounded by six S atoms, the second an S
site surrounded by six As atoms. To test whether this effect
occurs in the amorphous state, we have calculated partial
PDF involving cavity centers, and they are shown in the
Supplementary Information (Fig. SF4) [39], together with
the corresponding coordination numbers (Table S1). All atom
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FIG. 7. (Color online) Angular distributions in AsS2 (bin.) and
AgAsS2. The dashed lines denote the values 60◦, 90◦, and 109.47◦

(tetrahedral).

types have comparable PDF weights near the cavities, but
the cavity-S coordination number is highest (2.4). The overall

FIG. 8. (Color online) Cavities (red) in DF-RMC optimized
structures of (a) a-AsS2, (b) a-AgAsS2. Yellow: S, purple: As, silver:
Ag.

064202-6

Ag chalcogenides: 
Simulations of ionic memory

30

Experimentally constrained:
• Starting structure by RMC
• Annealing at 500-600 K with 

CPMD, gradual cooling (>100 ps)
• Data collection 30-40 ps at 300 K

Systems:
• 500+ atoms
• AsS2 and Ag-AsS2
• Ge41S59 and Ag20(Ge41S59)80,      

“Ge-rich”

à Simulations of Ag dynamics 
and diffusion at finite T

JA, P. Jovari, I. Kaban et al., PRB 89, 064202 (2014).

JA, B. Beuneu, R.O.Jones et al., JPCM 27, 485304 (2015).

 0

 0.05

 0.1

 0.15

 0.2

 0.001  0.01  0.1  1

D
iff

us
io

n 
co

ns
ta

nt
 (1

0^
-5

 c
m

2/
s)

1/t (ps^-1)

Ag-Ge-S, 500 K / 600 K: Diffusion constant

Instantaneous diffusion coefficient, Ag 500 K
Linear fit, Ag 500 K, 10 - 110 ps

Ge, 500 K
S, 500 K

600 K data, Ag 42 ps

Trapping / jumps

Cavities = 
trapping sites



Conclusions
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§ Crystallization of Ge2Sb2Te5: Occurs in nanoseconds at 600 K depending 
on the sample preparation (1 – 10  ns). The stochastic nature of the process 
is evident, and the forming crystallites do not necessarily grow in the unit cell 
axis directions à grain boundaries
§ Percolation of the crystalline domain is important. The initial anisotropic
percolation occurs before the onset of rapid crystallization.

§ Significant deviation from the picture of classical nucleation theory

§ PCM-graphene heterostructure: Chemical interaction between PCM and 
graphene is weak, but (asymmetric) crystalline layers induce polarization and 
opening of the Dirac cone

§ Contrast due to crystalline and amorphous PCM films, crystalline layers 
commensurate with graphene

§ The band gap varies upon compression à piezoelectricity
§ Band structure calculations (with k-point sampling) for large samples 
challenging à Shirley method
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Spare slide
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What is a “cavity’’?
Vacancy-vacancy PDF!

Ø Cavities (voids) are regions of empty space, analogous to vacancies

Ø Cavity domain (red area I) determined by inserting spherical test 
particles (R>2.8 Å, dashed circle) in real space mesh (spacing 0.08 Å)
Ø Cavity volume (yellow area II) determined via Voronoi construction
(Wigner-Seitz cell) with respect to cavity domain (not center alone)

a-GST, 
300 K
l-GST, 
900 K

Cavity volumes

J. Akola and R.O. Jones, PRL 100, 205502 (2008).
J. Akola and R.O. Jones, PRB 76, 235201 (2007).
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