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Ge–Sb–Te materials are used in optical DVDs and non-volatile electronic memories (phase-change random-access memory). In both,
data storage is effected by fast, reversible phase changes between crystalline and amorphous states. Despite much experimental
and theoretical effort to understand the phase-change mechanism, the detailed atomistic changes involved are still unknown. Here,
we describe for the first time how the entire write/erase cycle for the Ge2Sb2Te5 composition can be reproduced using ab initio
molecular-dynamics simulations. Deep insight is gained into the phase-change process; very high densities of connected square
rings, characteristic of the metastable rocksalt structure, form during melt cooling and are also quenched into the amorphous phase.
Their presence strongly facilitates the homogeneous crystal nucleation of Ge2Sb2Te5. As this simulation procedure is general, the
microscopic insight provided on crystal nucleation should open up new ways to develop superior phase-change memory materials,
for example, faster nucleation, different compositions, doping levels and so on.

Consumer demand for better (faster and higher-density) memory
products is inexorable. In the case of non-volatile memory devices,
the progressive reduction in feature size to increase the capacity
of flash memory means that, in the near future, a fundamental
size limit will be reached where only single trapped electrons will
be involved. There is a pressing need, therefore, to develop new
non-volatile memory technologies. One very promising approach
is to exploit the appreciable voltage-pulse-induced change in
electrical resistance accompanying the rapid, and reversible,
phase transformations between crystalline and amorphous states
in certain inorganic systems, notably tellurides, of which the
Ge–Sb–Te (GST) system is perhaps the best known1. Such phase-
change materials are already used as optical data-storage media,
such as rewritable DVDs, where the amorphous-crystal phase
transformations are produced by laser-light pulses. However, some
key aspects of the behaviour of such phase-change systems remain
unclear. First and foremost, perhaps, is why the crystallization
process is so rapid, taking place on the order of a few nanoseconds,
and also why the amorphous-crystal phase-change transformation
is so reversible. Another, related, aspect concerns the differences, or
similarities, between the local atomic structures of the amorphous
and crystalline phases. Unambiguous experimental information on
these issues is very hard to obtain because of the short phase-change
timescales involved and the small length scales of actual phase-
change random-access-memory (PCRAM) devices2–4. In spite of
efforts to obtain a better understanding by modelling5–7 or density
functional theory calculations carried out on GST systems8–14, the
phase transitions, and especially the microscopic mechanism of the
crystallization, are still not understood. Although several aspects
of the GST system have been investigated using density functional
theory, very few studies on the actual phase transformation have
yet been done. A possible reason for this might be the large
computational effort needed for the long simulation times (order

of nanoseconds) for crystallization to take place in silico. Here,
we present the first study of an ab initio molecular-dynamics
simulation of the entire read–write phase-change cycle (liquid to
crystal or amorphous and amorphous to crystal) of GST materials.
The insights obtained should play a vital role in elucidating
the microscopic nature of the phase-change transformations in
these materials.

We have carried out ab initio molecular-dynamics simulations
on a number of GST compositions, mainly on the GeTe–Sb2Te3

tie-line, particularly Ge2Sb2Te5 (225) and GeSb2Te4 (124), using
the Vienna Ab initio Simulation Package (VASP) code15. Some
simulations were of the ‘cook-and-quench’ type, in which the liquid
state of each model was first equilibrated (for example, at 1,073 K),
followed by a thermal quench to 600 K (at this temperature
no further atomic rearrangements occurred). Two types of
temperature–time profile were used in the cooling procedures: (1) a
continuous ramp (constant dT/dt) and (2) isothermal periods at a
series of temperatures, interrupted by discontinuous temperature
changes. We have also investigated the effect of increasing the
temperature on amorphous models quenched from the melt.

A key finding of the present study is that, whereas rapidly
quenched (dT/dt = −15 K ps−1) liquid models invariably, and
unsurprisingly9, produced amorphous structures, much slower
cooling (dT/dt = −0.45 K ps−1) resulted in crystallization of the
models. This was observed for both cooling protocols (continuous
and stepwise temperature decrease) and in 63- and 72-atom
models of 225. Liquid GeSb2Te4 and other compositions close to
the GeTe–Sb2Te3 tie-line including the endmember GeTe, all of
which exhibit homogeneous nucleation behaviour16,17, were also
observed to crystallize for comparable simulated cooling rates.
Significantly, similarly sized models of Ge10Sb56 (of comparable
composition to the IBM PCRAM material, which experimentally
nucleates heterogeneously18) did not crystallize under similarly
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Figure 1 Model configurations showing crystallization of GST materials in simulations of slow cooling starting from the liquid, and of annealing the amorphous
state obtained by rapid melt quenching. a–d, Snapshots of configurations of 63-atom models of crystalline Ge2Sb2Te5 (quenched from the melt, stepwise temperature
decrease, see Fig. 3 for details) (a); crystalline GeSb2Te4 (quenched from the melt, cooling rate= −0.47 K ps−1) (b); amorphous Ge2Sb2Te5 (quenched from the melt,
−15 K ps−1; for a detailed structural analysis of this quench, see Figs 5 and 6b; in Fig. 5, the time marked by the vertical purple line at 0.15 ns corresponds to this amorphous
configuration) (c); crystallized amorphous Ge2Sb2Te5 (amorphous model c was annealed at 800 K for an extra 0.5 ns, see Fig. 5a) (d). The atomic snapshots for c and d are
taken from the same 3D viewpoint for consistent comparison. Note that the crystal planes in a,b,d are not parallel to the simulation box faces, indicating that the
crystallization events are not governed by the shape of the simulation box. All configurations have been energy relaxed to 0 K to remove thermal-fluctuation effects for more
accurate comparison. The energy of the 225 crystal in a is −3.7678 eV per atom and of the corresponding amorphous phase in c is −3.7032 eV per atom. Colour coding of
atoms: Sb, red; Ge, green; Te, blue.

slow simulated quenching rates. In addition, subsequent reheating
of a quenched amorphous (225) model caused crystallization to
occur both at 800 K and at 900 K. Figure 1a,b shows snapshot
images of 225 and 124 crystals produced by slow cooling of
the melt, together with a rapidly quenched amorphous (225)
structure and its crystallized product produced on heating, for
comparison (Fig. 1c,d). It can be seen that these crystals have the
rocksalt-like structure characteristic of the metastable crystalline
phase experimentally found19 in phase-change GST materials. Note
also that the crystal-lattice planes of these quenched phases are
not contiguous with the faces of the simulation boxes. Such
crystallization events occurring during these molecular-dynamics
simulations are indicative of the ease of homogeneous crystal
nucleation in the GST system. We interpret the time (∼1 ns) needed
to crystallize these small (about 70-atom) models as representing a

lower limit for the time to nucleate the metastable rocksalt structure
in these GST materials. The nucleation time for 225 has been
measured experimentally16 to be less than 1 ns, in good agreement
with our simulations.

These models are too small to investigate whether the large-
scale vacancy ordering, inferred13 to be present in the metastable
rocksalt crystal structure of 225, also occurs in our simulations.
Vacancies are indeed present in the simulated crystalline models
shown in Fig. 1a,b,d, but, because these structures contain
residual (coordination or chemical) disorder as a result of the
limited time of the simulation runs, the vacancies are also
correspondingly disordered.

We have also observed incipient homogeneous crystal-
nucleation events in the liquid state on quenching. A visualization
of the growth of structural ordering at 973 K is given in Fig. 2a in

400 nature materials VOL 7 MAY 2008 www.nature.com/naturematerials

© 2008 Nature Publishing Group 

 



ARTICLES

12

10

10

8

8

6

6

4

4

2

2

0
10

5
0

Å

Å12
0

Å

a b

Figure 2 Two representations of the high densities of crystal seeds in models of Ge2Sb2Te5 melts present at temperatures much above the melting point. Such high
densities of seeds will be quenched into the amorphous state, thereby explaining the homogeneous nucleation and subsequent ease of crystallization of this phase-change
material. a, All atomic trajectory positions for a series of 1,000 configurations for a 63-atom model of 225 over 20 ps of simulation time (every 10th molecular-dynamics step
is shown) at 973 K. Note the similarity to the atomic structure of crystallized Ge2Sb2Te5 (Fig. 1a). The surprising finding is that, even at about 80 K above the melting point,
where a considerable amount of atomic diffusion can still be observed in the simulations, it is already possible to see the crystal planes appearing transiently in Ge2Sb2Te5.
These planes have a spacing of about 3.0 Å, which was estimated both directly from the 3D visualization and also using a 3D Fourier transform of the density. Two of the
largest transient intensity peaks in the Fourier transform, marked by X in Fig. 3a at 0.13 and at 0.155 ns, mark the start and end of the trajectory shown here. We conclude
that these transient planes are the precursor of the (001) planes of the metastable rocksalt structure in Ge2Sb2Te5. We believe that the presence of these precursor lattice
planes in the Ge2Sb2Te5 melt is essential for the fast phase transformation in PCRAM and DVD disks. b, Transient near-regular connected four-fold rings (building blocks of
the metastable rocksalt crystal structure) for a liquid configuration at 1,073 K. (The colour coding of atoms matches Fig. 1: see the Methods section for a definition of
near-regular four-fold rings.) In agreement with Fig. 2a, very large, rather ordered crystal seeds appear in liquid Ge2Sb2Te5, here even about 180 K above the melting point.
Note the large near-planar structure (11 in-plane connected four-fold rings) at the bottom of the simulation box for this transient configuration. It is important to stress that
this connected cluster of 11 four-fold rings alone contains about 30% of all the atoms in the simulation box, meaning that, in the high-temperature liquid phase of Ge2Sb2Te5,
a large fraction of atoms can participate in such a crystal seed.

terms of a cumulative trajectory of all atoms for a 20 ps interval
in an isothermal simulation; lattice planes with approximately
3.0 Å separations can just be discerned, even though atomic
diffusion is still appreciable at this temperature. To reveal the
presence of crystal seeds more clearly, three-dimensional (3D)
Fourier transforms of the atomic positions for particular model
configurations were calculated. Sharp peaks in these functions
correspond to particular periodic atomic-density fluctuations in
the model. The evolution of the largest-value Fourier component
(see the Methods section for a definition) was followed as a function
of time during a type-II quench of the 225 melt. This behaviour
is shown in Fig. 3a, where Fourier components corresponding to
crystal seeds are seen (on the picosecond timescale) to rapidly
form and disappear in the melt. It is significant that the Fourier
components of these transient nuclei correspond to atomic planes
associated with the (001) planes of the metastable rocksalt
structure; the lattice plane spacing is very close to 3 Å, in agreement
with Fig. 2a.

The time evolution of the maximum-intensity Fourier
components (Fig. 3a) therefore gives a clue as to the possible nature
of crystal nuclei in the liquid state of Ge2Sb2Te5 (and other GST
compositions), namely that they are connected clusters of the
(square) four-membered rings that are the building blocks of the
rocksalt structure. The significance of four-fold rings has also been
noted by Kohara et al.5 in reverse Monte Carlo simulations and
by Akola and Jones20 in ab initio molecular-dynamics simulations,
but the dynamics of four-fold rings during crystallization,
and their clustering, has not hitherto been investigated. It is
important to note that such transient seeds (clusters of connected

four-membered rings) can be seen at temperatures as high as
1,073 K (Fig. 2b). The evolution of the number of such near-regular
four-fold rings as a function of time in a type-II cooling run of
a 225 melt, resulting in a crystallized product, is also shown in
Fig. 3b. It can be seen that the behaviour is very similar to that
of the Fourier maxima: a sharp increase in the average number
of four-fold rings occurs with each decrease of the temperature
below 973 K. Nucleation seems to become fully established for the
225 models at a temperature of about 873 K (the experimental
melting point of 225 is about 900 K (ref. 1)). However, in addition
to an increase in the overall number of such rings with decreasing
temperature, their degree of connectedness also concomitantly
increases. The evolution of the size of the maximal cluster of
connected square rings also has the same behaviour as that of
the total number of square rings (not shown). Furthermore,
the chemical ordering increases, that is, the number of wrong
bonds, Te–Te, Sb–Sb, Sb–Ge, Ge–Ge, decreases with decreasing
temperature with the onset of crystallization (Fig. 3c). It can
be seen that, on comparing Fig. 3a–c, chemical ordering and
structural ordering tend to be independent, that is, a sharp increase
in the structural ordering at 0.25 ns can be observed at 873 K
(Fig. 3a,b) almost without any decrease in the number of wrong
bonds (Fig. 3c). Furthermore, chemical ordering continues at 773 K
(Fig. 3c) even after structural ordering is more-or-less complete,
suggesting that structural ordering is a prerequisite for complete
chemical ordering.

Perhaps most significantly, the liquid-quenched amorphous
state also contains a high density of such square-ring crystal seeds,
seemingly homogeneously distributed (Fig. 4a); their presence
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Figure 3 Different aspects of the structural evolution of a crystallizing melt of
Ge2Sb2Te5 during a stepwise quench. The vertical lines correspond to an
instantaneous temperature drop of 100 K in each case, the temperature being kept
constant at the values given (1,073, 973, 873, 773 K) between the vertical lines, that
is, a total of four isothermal annealing steps are shown. a, The evolution of the
maximum-intensity Fourier components of the atomic positions (see the Methods
section for a definition). The sharp rise in intensity after lowering the temperature
from 973 to 873 K (marked by the vertical green line) is a signature of the growth of
crystal nuclei. At higher temperatures, significant transient seeding events in the
melt are marked by X. b, The number of near-regular four-fold rings shows a very
similar behaviour to that of the maximum Fourier components. It is interesting to
note that structural ordering seems to be a prerequisite for chemical ordering. c, The
number of wrong bonds continues to decrease at the temperature (773 K) where the
Fourier-component intensity is more-or-less constant, implying that chemical
ordering continues after crystal nucleation has occurred. Furthermore, note the
sharp increase and decrease in the maximal 3D Fourier component and in the
number of four-fold rings at 873 K; this increase corresponds to the formation of
larger seeds with a lifetime of approximately 25 ps. It is very interesting to see how
abruptly the seeds can grow and then dissolve. The presence of such abrupt
changes suggests that the structure flips between local (free) energy minima. The
final crystallized structure of this simulation can be seen in Fig. 1a.

should greatly reduce the nucleation and incubation time in
the amorphous-to-crystal phase-change transformation. In spite
of a tremendous amount of experimental work undertaken to
understand the crystallization behaviour of Ge2Sb2Te5, a complete
understanding is still not available21–24. Our finding of the presence
of quenched-in seeds in amorphous models of Ge2Sb2Te5 explains
the homogeneous nucleation generally observed in GST materials
(although, depending on the boundary conditions in actual 225
samples in real devices, this may not always be the case4).

Although not central to this article, mention should be
made of the structure of the quenched amorphous models

produced in this ab initio molecular-dynamics study. It has
been well documented, by both extended X-ray absorption fine
structure25 and diffraction26, that, for 225, the average Ge–Te
bond length is shorter in the amorphous phase than in the
corresponding metastable rocksalt crystal structure. We have
reproduced this in our VASP simulations. However, as for other
related simulations9,20, this simulated bond length difference is less
than that observed experimentally. To investigate this discrepancy,
we have energy-relaxed (at T =0 K) the VASP amorphous structure
with the Cambridge Sequential Total Energy Package (CASTEP)
code27. We have used both ultrasoft pseudopotentials as used in
the VASP code, and also Troullier–Martins pseudopotentials28. The
ultrasoft pseudopotentials relaxation made very little difference,
but use of the Troullier–Martins pseudopotentials produced an
appreciable further bond shortening, but with no change in
topology, with the result that the model pair-distribution function
(PDF) is in extremely good agreement with experimental data26

(Fig. 4b). The average Ge coordination number in the amorphous
molecular-dynamics models is around 4, but this does not imply
the occurrence only of tetrahedral coordination with an average
bond angle near 109◦. Instead, the Ge bond-angle distribution
(see Fig. 4b, inset) clearly has a dominant maximum at θ = 90◦,
consistent with the partial local octahedral coordination of
connected four-fold rings evident in Fig. 4a, as well as a subsidiary
maximum at 109◦ characteristic of tetrahedral coordination. This
finding is in agreement with recent Ge 2p and 3d photoemission
spectroscopy results29 (albeit on Ge1Sb2Te4).

Figure 5 shows the structural evolution of a model for a
complete phase-change cycle: liquid to amorphous to crystal. The
amorphous-to-crystal transition occurs at 800 K, which is about
100 K below the experimental melting point. It should be noted
that, although the number of four-fold rings does not change
significantly after crystallization is more-or-less complete (marked
by the green vertical line at 0.36 ns in Fig. 5), chemical ordering (in
terms of the number of wrong bonds) continues to increase after
this time, as for crystallization from the melt (Fig. 3c). Note that
crystallization of the amorphous sample (shown in Fig. 1c) has not
only been observed to occur at 800 K, but also at 900 K.

Deeper insight into local structural changes can be gained
by tracking the local atomic coordination changes during phase
changes. The value of the atomic coordination number, calculated
from the area under the first (nearest-neighbour) peak in the
model, depends on the value of the peak cutoff distance, rc. Whereas
the choice of rc is usually unambiguous for the case of a crystal,
with well-separated, narrow peaks in the PDF, for the case of
the amorphous, and particularly the liquid, state, the appropriate
choice of rc is much less obvious.

Instead, it is more instructive to examine (differences in)
atomic-neighbour distances as an indicator of local coordination in
these highly disordered materials. Any clustering of such distances
can then be used as a signature for a particular coordination
number value. Figure 6 shows the time (temperature) evolution
during a type-I quench, of the average interatomic distances,
between Ge atoms and neighbouring atoms (of any type) sorted
according to distance in ascending order (for example, neighbour
1 is the closest to the origin atom, and so on). Figure 6a, for
a slow quench leading to crystallization, shows that, in the
high-temperature liquid (corresponding to the shortest simulation
run times), the structure is extremely disordered; there is no
discernible clustering of interatomic distances that could be used
to define a cutoff distance rc. However, clear evidence for structural
ordering appears in such plots on cooling, at a temperature where
crystal nucleation becomes established (about 873 K, deduced from
Fig. 3a; note that the simulations in Fig. 6a correspond to type-I,
continuous, cooling and in Fig. 3 they correspond to type-II,
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(5.87 g cm−3) relaxed using CASTEP27 and Troullier–Martins28 pseudopotentials; the quench rate was 13.3 K ps−1. The colour coding of atoms is the same as in Fig. 1. b, The
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Sb–Ge is 2.82 Å, compared with the experimental values 2.61 and 2.85 Å (ref. 25), respectively. The inset shows the model Ge-, Sb- and Te-centred bond-angle distribution
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Figure 5 Structural evolution during a complete simulated phase-change cycle (liquid–amorphous–crystal) for 225. a, Temperature–time profile of the simulation.
Note that simulated crystallization occurs in the solid state, about 100 K below the experimental melting point. The structural analysis shown here is the same as for the case
of crystallization from the melt (see Fig. 3 for details). b–d, Time evolution of the maximal 3D Fourier component (b), the number of four-fold rings (c) and the number of
wrong bonds (d). The crystal nucleation was more-or-less complete after about 0.2 ns annealing at 800 K (marked by the green vertical line). However, the number of wrong
bonds continues to decrease even after this point, indicating that nucleation is also a prerequisite for chemical ordering starting from the amorphous state, as from the liquid.
The crystalline structure corresponding to the end of this simulation (at 0.7 ns) can be seen in Fig. 1d; the amorphous phase corresponding to the time denoted by the purple
line can be seen in Fig. 1c.

stepwise, cooling). The local coordination in the crystalline state
is clearly much better defined, as expected, than in the liquid state:
the average difference in interatomic distances between the nth and
(n +1)th neighbours of Ge (and Sb—not shown) clearly diverges
for n = 6 on crystal nucleation (that is, a gap opens up between the
red and green curves in Fig. 6a).

Structural-ordering behaviour is also observed on
amorphization of a rapidly quenched 225 melt (Fig. 6b), but
the effective average local coordinations are different from the
crystallization case: the average Ge coordination is now 4+2, owing
to the presence of both four- and six-fold coordinated Ge atoms9.
Similar analyses (not shown) indicate that, on average, Sb atoms are
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Figure 6 Different evolution of the local structure around Ge atoms during slow and rapid quenches from the melt of Ge2Sb2Te5, leading to crystalline and
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cooling of the liquid into the amorphous state, evident in b, is consistent with the finding of the simulations of Bichara et al.35 on liquid GST that there is little evidence for
four-coordination of Ge in the liquid in terms of the bond-angle distribution.

three-, and Te atoms are two-fold coordinated, in agreement with
recent reverse Monte Carlo modelling26. However, the averaged
plot shown in Fig. 6b can conceal appreciable local fluctuations
in the actual coordination environment around particular types
of atom, particularly Ge. Examination of interatomic distances
for individual atoms of a given type (for example, Ge) shows
appreciable variations in the local structure: some Ge atoms are
effectively three-, four- or five-fold coordinated, whereas others
are effectively six-fold coordinated, as in the crystal. Such Ge
coordination variations in the amorphous state have also been
observed in a recent molecular-dynamics simulation study9, but
the presence of a significant proportion of four-fold coordinated Ge
atoms is consistent with experimental extended X-ray absorption
fine structure evidence25,30.

Use of the computational approach outlined here may lead
to the design of superior phase-change materials in the future
by finding compositions, for example, that nucleate at much
shorter times or at lower temperatures, and by investigating the
effects of doping, for example, with nitrogen31. This in silico
simulation method, well suited to the study of the creation of
metastable structural configurations, should be a complementary,
and cost-effective, alternative technique to established experimental
methods, involving thermodynamical aspects of crystal nucleation
and growth, for the rapid screening of materials suitable for phase-
change memories.

METHODS

AB INITIO MOLECULAR-DYNAMICS SIMULATION
Constant-volume molecular-dynamics simulations were carried out using
VASP15. The total energy of models with sizes of 63–90 atoms (in cubic
supercells with periodic boundary conditions) was calculated at the gamma
point with gaussian smearing. We used the projector augmented-wave method
and the Perdew–Burke–Ernzerhof exchange-correlation functional32,33. The
plane-wave energy cutoff was set at 175 or 250 eV. The outer s and p electrons
were treated as valence electrons. Crystallization was observed for both
cutoffs, showing that the phenomenon is robust, that is, it is not affected by
the particular choice of simulation conditions. The density in all 63-atom
simulations of 225 was 6.11 g cm−3 (0.0322 atom A−3). We have chosen

this value to be slightly lower than the experimental crystal density at room
temperature (6.2 g cm−3—refs 19 and 34) for a compromise between the
amorphous and crystalline densities. The temperature was controlled by
rescaling the velocities of the atoms at every 25th molecular-dynamics step. The
integration time step was 2 or 3 fs. It is worth mentioning that VASP has recently
been used to identify the energetically most stable rocksalt phase of 225 (ref. 13)
and to study the short-timescale behaviour of the melting of the rocksalt
phase14. The CASTEP calculations were carried out using Troullier–Martins
pseudopotentials28 and the Perdew–Burke–Ernzerhof exchange-correlation
functional33. The energy cutoff was 500 eV.

FOURIER ANALYSIS OF THE CRYSTALLIZATION PROCESS AND NUCLEI FORMATION
It is of great interest to gain a deeper insight into the evolution of the
crystallization and amorphization processes with a time resolution of 10–50
molecular-dynamics steps. As it takes about half a million molecular-dynamics
steps for a 63-atom 225 model to crystallize, a very fast and accurate algorithm
that is capable of identifying and following near-periodic atomic-density
fluctuations (incipient crystal planes) in the system is needed. We have found
that the three-dimensional fast Fourier transformation is a very efficient,
accurate and robust way of completing this task. The procedure used was the
following: the simulation box was split into 32×32×32 equivalent cells, and
the corresponding matrix was set up, initially containing 32×32×32 zeros.
If an atom in a model fell into such a cell, the corresponding matrix element
was set to unity; in this way, the atomic density has been represented in a
32×32×32 matrix. Then, a three-dimensional fast Fourier transformation
was carried out. This approach also has the advantage that it is consistent with
the periodic boundary conditions used in the molecular-dynamics simulation,
that is, a sharp peak in the transformed Fourier space (if the absolute value
of a matrix element is close to the number of atoms) means a strong periodic
fluctuation in a particular direction with the corresponding wavelength. This
method has been used for all simulations to study in detail the occurrence and
growth of periodicity during the simulations.

MAXIMUM FOURIER COMPONENT ANALYSIS
As the Fourier-transformed matrix has 32×32×32 elements, and we would
like to follow the time evolution of these elements as the 225 models are cooled
down from the liquid, we have to select some of the matrix elements because it is
impossible to follow the behaviour of all 32,768 curves. The maximum Fourier
component among all components was found at every molecular-dynamics step
and only the evolution of this component was examined during the simulation.
Note that because the density distribution of the system changes with time,

404 nature materials VOL 7 MAY 2008 www.nature.com/naturematerials

© 2008 Nature Publishing Group 

 



ARTICLES

it is possible that the maximum Fourier component can belong to different
wave vectors during the simulation. We have found that, after crystallization,
the maximum Fourier component always belongs to one of the (001), (010)
or (100) planes of the metastable rocksalt structure, with about 3.0 Å spacing
between lattice planes.

NEAR-REGULAR FOUR-FOLD RINGS
Four-fold rings are the basic structural elements of the metastable 225 rocksalt
crystal. It is important, therefore, to investigate their distribution during the
crystallization and amorphization processes. To eliminate ‘false rings’, rings
were neglected that deviate too much from the ideal four-fold ring, defined to
be ideal if its atoms all lie in one plane and all its bond angles are 90◦. We found
that a maximum deviation of 20◦ from the optimal bond angle and a maximum
angular deviation of 20◦ from the perfect in-plane configuration gave a good
compromise between eliminating ‘false rings’ and retaining distorted four-fold
rings at a finite temperature. For a ring consisting of atoms A–B–C–D, a
deviation from the perfect in-plane configuration is defined as a non-zero angle
between the planes defined by the sets of atoms ABC and CDA.

Received 1 November 2007; accepted 18 February 2008; published 23 March 2008.
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