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The effect of van der Waals dispersion correction in combination with density functional theory is investigated
on a canonical amorphous phase-change material. Density functional theory (DFT), using the generalized
gradient approximation, usually fails to reproduce the structure of amorphous tellurides, which manifests by
an overestimation of the interatomic bond distances, and particularly the Ge-Te one involved in local geometries
(tetrahedral or defect octahedral). Here, we take into account dispersion forces in a semiempirical way and
apply such DFT simulations to amorphous GeTe. We obtain a substantial improvement of the simulated structure
factor and pair-correlation function, which now reproduce the experimental counterparts with an unprecedented
accuracy, including on a recent partial contribution from anomalous x-ray scattering and from x-ray absorption.
A detailed analysis of the corresponding structures indicates that the dispersion correction reduces the Ge-Te
bond length, increases the fraction of tetrahedral germanium, and reduces the presence of heteropolar so-called
fourfold ABAB rings. Given that these structural features have been stressed to be central for the understanding of
the phase-change mechanism, the present results challenge our current understanding of the crystal to amorphous
transformation at play.

DOI: 10.1103/PhysRevB.96.184204

I. INTRODUCTION

Rewritable optical devices have become the common media
for data storage in modern information technologies, and the
original idea traces back to the pioneering contributions of
Ovshinsky in the late 1960s on phase-change (PC) phenomena
in amorphous tellurides [1]. These materials not only display
a certain number of remarkable properties regarding the
switching between a crystalline and an amorphous phase,
but are now also seen as promising candidates for other
applications in optoelectronics such as digital versatile random
access memory devices, blu-ray technology [2,3], or even
fibers working at the long infrared wavelength for spatial in-
terferometry [4], biosensing, or environmental metrology [5].

On PC properties and recording, a special emphasis is
made on short crystallization times, on the optical or electrical
contrast between the amorphous and the crystalline phase [2],
on the reversibility between both phases upon a large number
of phase-change cycles, and on the high thermal stability. Over
the years, extensive investigations as a function of composition
or alloying elements have led to the recognition that such
important properties and performances are being optimized [6]
along the GeTe-Sb2Te3 in the ternary Ge-Sb-Te system (GST).
In this search for optimal performances, the key material has
turned out to be GeTe or Ge2Sb2Te5, one of the very first PC
materials used for enhanced storage capacities [7] close to the
100 GB/cm2 domain.

It is widely accepted that the enhanced optical and electrical
contrast between the amorphous and crystalline phase of such
materials results from an important difference in structure
at the local scale, and particularly regarding the germanium
atoms [6,8]. Early studies have suggested that this PC
mechanism is, indeed, driven by a change in short-range order
since x-ray absorption fine structure (EXAFS) revealed that

the Ge-Te bond length exhibits a significant reduction by about
0.22 Å upon amorphization [9]. The reduction was explained
on the basis of a simple umbrella flip model, suggesting
that during the PC operation, the Ge atom switches from an
octahedral site in the crystalline state to a fourfold tetrahedral
site in the amorphous state. In fact, one of the basic features
of tetrahedral-to-octahedral conversions driven by external
conditions (light, current, pressure) is an increase of the atomic
bond lengths [10,11], which appears to be a natural mechanism
in order to accommodate the electronic repulsion induced by a
reduction of the bond angle from 109◦ to about 90◦. However,
this simple and attractive model has been challenged by a series
of experimental and theoretical studies. First, the umbrella flip
model neglects the possibility to have homopolar Ge-Ge, and
only Ge-Te bonds were considered. Such homopolar bonds
were suggested to be present, as determined from another
EXAFS study on another system (Ge2Sb2Te5) [12]. Also, from
a series of density functional theory (DFT)–based simulations
[13–19], the defective octahedral geometry reminiscent of
the crystalline rocksalt phase was found to be the dominant
motif encountered in the amorphous phase. The determination
of the population of tetrahedral Ge fraction has turned out
to be a crucial quantity [20–25] in this respect, given that
this structural motif involves a different chemical bonding
reflected by different electronic orbitals. Indeed, sp3 tetrahe-
dral geometries involve occupied but energetically unfavorable
sp3 antibonding states and lead to the absence of resonance
bonding, which is suggested [26] to control certain electronic
properties for PC applications. This seems consistent with
the fact that the ease of phase switching is directly linked to
small ionicity and a limited degree of hybridization, enabling
resonance p-electron bonding to prevail. However, recent
materials exhibiting tetrahedral ordering have been found to
exhibit PC properties as well [27].
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The investigation [28,29] of the structure from x-ray (XRD)
and neutron diffraction (ND) has also indicated that octahedral
order dominates in the liquid phase. This has been also claimed
[30] from the inspection of reciprocal space properties for a
series of systems exhibiting changing tetrahedral to octahedral
ordering. Specifically, an order parameter S = S(k2)/S(k1) is
defined from the amplitude S(k2) and S(k1) of the principal
peaks of the structure factors. This permits distinguishing
between an octahedral structure (S < 1), as in liquid GeTe,
from a tetrahedral one (S > 1), as in germania [11] or
GeSe2 [31]. In contrast with the latter, it is also important
to emphasize that ND and XRD do not provide a full account
of the structural correlations such as partial pair-correlation
functions, essentially because of a weak contrast between
the form factors and/or scattering lengths. Reverse Monte
Carlo (RMC) models can fit the experimental functions [pair-
correlation functions g(r) and structure factor S(k)] quite
accurately and are used in some cases as starting structural
configurations for subsequent DFT investigations [22].

When such DFT modeling [13–19] of amorphous structures
is obtained by performing a quench from the melt, an obvious
lack of agreement with experiments is obtained. One of
the major drawbacks is, indeed, an overestimation of the
Ge-Te bond length (about 2.77–2.78 Å) when the most
usual Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional is used, a feature which is known in the literature as
the bond distance problem [22]. In fact, EXAFS measurements
rather suggest an average Ge-Te bond length of 2.61 ± 0.01 Å,
such as in Ge2Sb2Te5 and Ge1Sb2Te4 [12,28], and a certain
number of alternative artificial strategies [22,32,33] have
been developed in order to increase the accuracy of the
structural models. Also, the systematic overestimation of
the Ge-Te bond lengths from DFT leads to a significantly
higher fraction of octahedra, as quantitatively inferred from
a study of amorphous Ge-Te alloys [34]. Given the proposed
importance of these geometrical motifs and their underlying
p-bond-related electronic properties for the crystal-amorphous
transition, one thus arrives to the obvious conclusion that
the bond distance problem is the major roadblock for a full
understanding of the PC mechanism in tellurides.

At present, given these discrepancies, it is thus not surpris-
ing that there is still an active debate about the structure of
such amorphous PC materials. From a theoretical viewpoint,
possible improvements of structural models can emerge from
the consideration of alternative DFT exchange-correlation
functionals or even hybrid functionals. Recently, Caravati
and Bernasconi [35] have used the Becke-Lee-Yang and Parr
(BLYP) functional in order to investigate the structure of
amorphous Ge2Sb2Te5. This functional is known to reduce
the metallic character of the covalent bonding and provides an
increased agreement with experiments in lighter chalcogenides
[36–38]. The application has shown weak changes with respect
to PBE, although a slight increase of the Ge tetrahedra fraction
was acknowledged, also confirmed by an independent study
from Kim et al. [39] which also led to a better agreement of
the Ge-Te bond lengths with experimental results. A particular
composition in the Ge-Te binary (GeTe4) has been also
investigated with different electronic schemes, and the main
outcome was an increased accuracy once the BLYP functional
was utilized [40].

In the present contribution we follow the same strategy,
that is, a search for improved structural models for amorphous
GeTe that can compare more favorably to experimental results
from x-ray diffraction, prior to an investigation of other
properties. Rather than investigating the effect of an alternative
functional, here we use the PBE one but by adding the
semiempirical Grimme correction (DFT-D2) of van der Waals
type [41]. Recent applications to the crystalline phase of
Ge2Sb2Te5 has shown that the DFT-D2 method can lead to
lattice parameters which are very close to the experimental
ones [42], whereas the electronic properties and the band
gap are also found [43] to be in excellent agreement with
experiments. We, furthermore, build on a recent study of
the liquid phase using such van der Waals schemes [44,45].
A direct comparison of simulated DFT-D2 Ge-Te [45] and
Ge-Sb-Te liquids [46] with different compositions has shown,
indeed, that the agreement with results from neutron diffraction
was increased. Structural properties in real and reciprocal
space were found to be reproduced with an excellent accuracy,
and resulting coordination numbers and bond lengths were
found to be reduced as compared to standard DFT, while also
leading to an increased fraction of tetrahedra in the amorphous
phase [34] for selected compositions in the Ge-Te binary. One
may therefore wonder how such alternative schemes impact the
structural properties of the amorphous phase of GeTe, which
is one of the most promising PC materials, and a canonical
system of interest for the basic understanding of PC properties.
This is the purpose of the present paper that is in line with a
previous application to the amorphous and liquid phase of
GexTe100−x with x � 20% [34,45].

We find that DFT-D2 improves the structural properties
of the PC materials GeTe by reproducing the total x-ray
structure factor S(k) at a level of unprecedented accuracy. The
absorption spectra (EXAFS) is also substantially improved,
and also the partial decomposition from anomalous x-ray scat-
tering, this comparison between theory and experiment having
not been realized before. In real space, corresponding pair-
correlation functions g(r) are found to be also dramatically
improved when compared to a regular DFT calculation, while
also being consistent with certain features of models obtained
from RMC simulations. The full analysis reveals the tendency
sketched above, that is, the reduction of Ge-Te distances
leads, indeed, to a profound change in local geometries that is
characterized quantitatively from topological constraints. The
calculated coordination numbers are found to be consistent
with experimental measurements from EXAFS. In addition,
the decrease of the bond distances modifies the ring statistics
and leads also to a reduction of heteropolar ring motifs
(ABAB squares), which are thought to act as seeds during
the recrystallization process. Taken together, these results
reveal the importance of dispersive interactions for the accurate
modeling of phase-change tellurides, consistent with previous
findings for glasses or liquids, and also modify the current view
of the central structural features involved in the phase-change
phenomenon.

II. SIMULATION METHODS

Three amorphous models were obtained by quenching
previously equilibrated liquids obtained at 820 K following a
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TABLE I. Elaboration and investigation characteristics of GeTe amorphous films studied by different research groups [29,48–50]. The
information marked with an asterisk (*) corresponds to deposition of Ge-Sb-Te amorphous films performed by the group of Yamada and
Matsunaga [51].

Film Elaboration Technique Thickness Composition XRD experiment

Sputtering [29] from a stoichiometric GeTe
target on a glass disk substrate.*

�1 μm∗ Checked by inductively coupled
plasma spectrometry.*

High-energy XRD on beamline BL02B2
and BL04B2 at the SPring-8 (Hyogo,
Japan).

Plasma-assisted sputtering [48] from a
stoichiometric GeTe target.

�200 nm - High-energy XRD on beamline CRISTAL
at the SOLEIL Synchrotron (Saclay,
France) using a 2D image plate detector.

dc magnetron sputtering [49] from a
stoichiometric GeTe target on Si wafers
coated with PMMA.

�1–3 μm Checked by energy-dispersive
x-ray analysis.

High-energy XRD at the BW5 Wiggler
beamline of the DORISIII positron
storage ring operated at the
HASYLAB/DESY (Hamburg,
Germany).

Radio-frequency sputtering [50] from a
stoichiometric GeTe target on silica
substrate.

�1 μm Checked by energy dispersive
x-ray analysis.

Standard ω-2θ diffractometer installed at
the beamline BM02 at the ESRF
(Grenoble, France) or/and beamline
BL13XUof at the SPring-8 (Hyogo,
Japan) using two incident x-ray energies
(−20 and −200 eV for Ge, −30 eV and
−300 eV for Te, respectively) below the
K absorption edges of each constituent
element.

quenching procedure developed in Ref. [34]. These were found
to reproduce very accurately the measured pair-correlation
functions and structure factors for somewhat different compo-
sitions [29,48–50]. Molecular dynamics (MD) simulations of
Car-Parrinello type (CPMD code) were performed on a 200-
atom system in a cubic box with periodic boundary conditions

and a density equal to experimental ones (0.0337 Å
−3

) [29].
The electronic structure has been described within DFT, and
evolved self-consistently during the motion. A generalized
gradient approximation (GGA) has been used, and valence
electrons were treated explicitly, in conjunction with Troullier-
Martins norm-conserving pseudopotentials. The wave func-
tions were expanded at the � point of the supercell on a
plane-wave basis set with an energy cutoff of 20 Ry. During the
CPMD simulation, a fictitious electron mass of 2000 a.u. and
a time step of 0.12–0.36 fs was used to integrate the equations
of motion. Three models of amorphous GeTe were considered,
a first using the standard PBE functional as in Refs. [13–19]
(termed PBE hereafter), a second one based on an improved
scheme for the exchange-correlation energy obtained by
Perdew, Burke, and Ernzerhof (termed PBEsol hereafter)
[47], and a third one coupling the latter with the inclusion
of dispersion forces (termed vdW hereafter). The PBEsol
functional has been used previously for the investigation of
a GST model [52], and it was stated that PBEsol improves the
bond length with respect to PBE. However, in this particular
contribution the PBEsol model was not obtained from the
melt but from a 300 K equilibration of a RMC model. It
is, therefore, tempting to probe the effect of three different
simulation schemes on a material having undergone the same
thermal history. We stress at this point that the pseudopotentials

used (PBE, PBEsol) belong to the same pseudopotential library
as the one used in Ref. [20]. As discussed below, results slightly
differ, however, and might be related to the way we obtained the
amorphous systems. For each model, three independent sets
of atomic positions were, indeed, chosen from the equilibrated
820 K trajectory and used as starting configurations for the
quenching procedure after an additional run of 25 ps at 820 K.
The systems were first quenched to 600 K for 25 ps, prior to
a second quench to 300 K, that was performed over 3 ps. The
first picoseconds were discarded, and the whole trajectory of
40 ps was used for statistical analysis. Temperature control
was implemented for both the ionic and electronic degrees of
freedom by using Nosé-Hoover thermostats with a frequency
of 800 cm−1. During the whole simulation, the attractive
dispersion (Grimme) correction [41] was taken into account,
and corresponding parameters can be found in Ref. [44].

III. RESULTS

A. A review of select experimental measurements

Before comparing the obtained simulated structure func-
tions in real and reciprocal space, it is important to contrast and
compare the experimental findings because a certain number
of differences appear, and these also reflect the preparation
methods.

Several research groups [29,48–50] have been studying
the structure of GeTe amorphous films in the last ten years.
The films were elaborated by either radio frequency or dc
magnetron sputtering from a stoichiometric GeTe target. The
thickness of the deposited films ranged between 200 nm
and 3 μm approximately (Table I). The composition of the
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FIG. 1. A comparison of the total structure factor Sexpt(k) mea-
sured by Kohara et al. [29], Ghezzi et al. [48], Piarristeguy et al. [49],
and Stellhorn et al. [50]. The top inset shows the low-wave-number
region and highlights the three principal peaks, whereas the bottom
inset represents the long-wave-number domain (structure functions
have been shifted).

films (except in one case [48]) was checked by inductively
coupled plasma (ICP) spectrometry or by energy-dispersive
x-ray (EDX) analysis. X-ray diffraction experiments were
performed on different large-scale facilities [SPring-8 (Hyogo,
Japan), SOLEIL (Saclay, France), HASYLAB/DESY (Ham-
burg, Germany), ESRF (Grenoble, France)]. A careful look
at the experimental structure factors of the GeTe amorphous
films shows some differences which cannot be overlooked,
especially when the data are used as the data to be fitted for
RMC modeling [29,49,50].

The different measured total structure factors Sexpt(k) are
shown in Fig. 1. In all cases, five main oscillations can

be identified in the low-wave-vector range (k < 9 Å
−1

). The
Sexpt(k) reported in Refs. [48] and [49] are rather similar, while
the data from Refs. [29] and [50] differ in a significant way. In

particular, a shoulder at around 3 Å
−1

, much more pronounced
in the case of data from Ref. [29], is observed. The positions
of the two principal peaks (PPs) at k1 and k2 change slightly
depending on the experiments. The first peak position k1 shifts

from 1.97 to 2.02 Å
−1

, and the position of the second PP k2

ranges between 3.36 and 3.42 Å
−1

(see inset Fig. 1). In fact, the
main difference between the structural factors Sexpt(k) arises
from the difference in amplitudes between the two peaks, S(k2)
and S(k1), which can be analyzed on the basis of parameter S =
S(k2)/S(k1). The calculated values of parameter S are reported
in Table II. While S is lower than 1 for all the experiments, its
values change significantly between 0.79 and 0.97, depending
upon the experiments. Finally, both the main Fig. 1 and the
inset at the bottom-right-end side of the figure clearly show a
better resolution for data from Ref. [50], which could indicate

TABLE II. Measured positions, k1 and k2, of the first two principal
peaks of the total structure factors Sexpt(k) and order parameter S =
S(k2)/S(k1) of GeTe amorphous films studied by different research
groups [29,48–50].

Reference k1 (Å
−1

) k2 (Å
−1

) S = S(k2)/S(k1)

[29] 2.02 3.42 0.79
[48] 2.01 3.38 0.92
[49] 2.00 3.39 0.88
[50] 1.97 3.36 0.97

a much better ordered structure for the films obtained in this
case.

The present compilation exemplifies how different prepara-
tion conditions (Table I) influence atomic correlations at long-
range order, as highlighted by the distribution of principal peak
positions and amplitudes. In addition, the effect of thickness
is known to affect substantially the local structural order
of amorphous tellurides. Numerical simulations have shown,
indeed, that for Ge2Sb2Te5 as-deposited materials show a
significantly larger fraction of homopolar bonds (Ge-Ge)
and consequently, a larger fraction of tetrahedra [53] when
compared to melt-quenched models (27%) [52]. One obtains
a fraction of Ge atoms in a tetrahedral geometry, about 54%.

B. Simulated total structure factor

Having such experimental data in hand, we first concentrate
on the simulated reciprocal space properties. Figure 2 exhibits
the calculated function SX(k) corresponding to the x-ray
weighted total structure factor, defined from the partials Sij (k),
via

SX(k) =
∑

i,j xixjfifj (1 + δij )Sij (k)∑
i,j xixjfifj

, (1)

where fi and fj represent atomic form factors of atom i and j ,
respectively. It is generally assumed that these do not depend
on spatial frequency so that the high-energy limit is usually
assumed, i.e., fi is replaced by atomic numbers (Ge:32, Te:52).
The partials have been calculated from the trajectories using

Sij (k) = 1

N

〈
Ni∑

k=1

Nj∑
l �=k

exp[−k(rk − rl]

〉
. (2)

An inspection of Fig. 2 shows that the agreement with
experimental results from XRD is excellent once the dispersion
forces are taken into account. Here we have compared our
calculated SX(k) with those measured by Piarristeguy et al.
[49]. For clarity, the other data have not been represented.
Readers can refer to Fig. 1 for an additional comparison.

Results indicate that the absence of dispersion corrections
(e.g., PBEsol) leads to a reduced amplitude for both principal

peaks obtained at k1 = 2.0 and k2 = 3.45 Å
−1

(green curve in

Fig. 1), the third peak at k3 = 5.2 Å
−1

being nearly unaffected
by the two numerical schemes. In addition, a typical peak at

�6.2Å
−1

is also found to be much better reproduced (Fig. 3,
virtually absent without the DFT-D2 scheme), although we
also note that both simulation schemes lead to a correct
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represent results from a simulation without dispersion correction and
correspond to PBEsol and PBE schemes, respectively. The black lines
correspond to the decomposition into partials xixjfifjSij /〈f 〉2 for the
vdW case.

reproduction of large-k oscillations that are visible once the
interference I (k) = k[SX(k) − 1] is represented (Fig. 3). Both
PBE and PBEsol simulations, furthermore, lead to a tail at
4.5 Å that is not observed experimentally. A decomposition
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FIG. 3. Calculated XRD interference function for the vdW
(black), PBEsol (green), and PBE (blue) simulations, compared to
experimental data (red, duplicated) from Ref. [49].
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FIG. 4. Computed EXAFS spectra of amorphous GeTe (vdW and
PBEsol without vdW correction), compared to absorption results
from Noé et al. (black circles [57]) and Van Eijk (red squares [58]).

into partial structure factors (Fig. 2) indicates that all improved
features [increased contrast of between S(k1) and S(k2),

small peak at 6.2 Å
−1

] are due to the Te-Te partials which
contain such features, while being also dominated by Ge-Te
correlations at k1, k2, and k3.

C. X-ray absorption

This improved structural description in reciprocal space is
also visible from the EXAFS quantity k · χ (k) that has been
calculated using the multiple-scattering theoretical approach
[54], which has been shown to reproduce accurately the
experimental spectra of many crystals and appropriately
extended to the study of liquid and amorphous systems [55],
while also recently used for PC materials [56] including for
the near-edge part. When this framework is applied to the
simulated GeTe compounds, results can be directly compared
to experimental data from x-ray absorption spectroscopy
(XAS) experiments at the Ge K-edge (11 103 eV). Figure 4
shows the calculated spectrum of amorphous GeTe for both
simulation schemes, which is compared to experimental data
from Noé et al. (black circles [57]) and Van Eijk [58] (red
squares). The EXAFS spectrum is found to be substantially
improved here using the Grimme corrections (vdW) given
that the typical oscillations k · χ (k) can be reproduced over a

broad range of considered wave vectors (3–16 Å
−1

), whereas
the absence of such corrections obviously leads to a phase lag

for wave vectors larger than 5 Å
−1

.

D. Comparison with a partial AXS analysis

It is interesting to compare the present simulated data
with very recent results [50] from anomalous x-ray scattering
(AXS), which permits one to distinguish the partial contri-
butions of both Ge and Te by focusing on scattering close
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to the K edge. For DFT-based simulations of amorphous
tellurides, it should be stressed that this kind of comparison
has not been performed before, although it is well known that
for network-forming species such as As2Se3 [59] or GeSe2

[60], a direct comparison provides an additional constraint
for the validity of the obtained structural models. Once the
anomalous variation of the atomic form factor is taken into
account near an absorption edge, one can utilize the difference
between two scattering spectra close to the absorption edge
of a relevant species in order to obtain differential structure
factors [61,62],

�iS(k) =
∑

i

∑
j

WijSij (k), (3)

where the weighting factors Wij depend on the real and imag-
inary part of the anomalous form factor, and corresponding
values can be found in Ref. [50].

Figure 5 represents the experimental measurements of
�GeS(k) and �TeS(k) (circles) together with those calculated
from DFT and DFT-D2 using Eqs. (2) and (3). It is seen that
such partial contributions are only fairly reproduced from the
DFT model (PBE and PBEsol) and, for instance, the position

of the secondary peak for both �TeS(k) and �GeS(k) at 3.6 Å
−1

is shifted in wave number. Using DFT-D2, one can also notice
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FIG. 6. Calculated total pair-correlation function g(r) of amor-
phous GeTe (black) compared to results from XRD (red [48],
duplicated) and a simulation without the dispersion correction:
PBEsol (green, shifted) and PBE (blue, shifted).

that both �GeS(k) and �TeS(k) are rather well reproduced in
peak positions, widths, and amplitudes. The decomposition
into partials permits one to infer an origin for certain features
of the total structure factor S(k). Indeed, the small first sharp

diffraction peak (FSDP) observed at around 1 Å
−1

(both
experimentally and theoretically, Fig. 1) is due to �GeS(k),
and this indicates an increased intermediate range ordering for
the Ge atoms only. �GeS(k) furthermore provides only a small

contribution to the principal peak found at about 2.0 Å
−1

,
revealing that Te-Te and Ge-Te correlations are the dominant
contributions to the principal peak, as already revealed from
the full partial decomposition (Fig. 2). Similarly, the typical

small peak at �6.2Å
−1

that is not reproduced with standard
DFT (Fig. 3) arises from �TeS(k), as shown both from AXS
[50] and DFT-D2 results.

E. Properties of the real space

We now represent in Fig. 6 the total pair-correlation
function g(r) weighted by using the XRD form factors fi

given above. Once again, the effect of the dispersion correction
induces an overall improvement of the structure because
the experimental secondary peak at 4.1 Å is now perfectly
reproduced. It is also important to mention that the absence
of such dispersive forces leads to a secondary peak with a
smaller amplitude and to a first minimum (at rm = 3.1 Å)
that is less well defined. This indicates a reduced structuration
of the corresponding amorphous phase, i.e., first and second
shell neighbors are not well separated, in contrast with what is
usually encountered in lighter chalcogenides where g(rm) = 0
(e.g., GeSe2 [63]). The partial analysis (Fig. 7) shows that the
vdW simulations lead to minor changes in the global shape
of the partial pair-correlation functions gij (r) with respect
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FIG. 7. Computed partial pair-correlation functions gij (r) (i,j = Ge,Te) in amorphous GeTe (vdW, black curves; PBEsol, green curves),
compared to RMC results (red curves) from Piarristeguy et al. (left [49]) and Stellhorn et al. (right [50]). The insets on the left show the
corresponding quantities for the three independent quenches for the vdW simulation. The insets on the right show a comparison between the
vdW (black) and the PBE (red) simulations.

to PBE or PBEsol, particularly for the Ge-Te correlations,
which turn out to be crucial for the structural accuracy of
the model. Small but significant differences appear, however,
and these (peak positions and amplitudes) turn out to be
crucial for determining the accuracy of the corresponding
models. It is also important to emphasize that these partial
correlation functions gij (r) display moderate fluctuations
with respect to thermal history (Fig. 7 insets), some small
differences being observable in the Te-Te correlations. As a
result, the obtained numbers and bond distances only weakly
depend on the local potential energy minimum in which
the liquid has been trapped by the rapid quench of the
simulation.

When compared to a previous study of amorphous GeTe us-
ing RMC models [49,50], Fig. 7 now also reveals that the DFT-
D2 simulation is globally consistent with the pair-correlation
analysis obtained by different groups. Nevertheless, a notable
difference is found in the Te-Te prepeak corresponding to
residual homopolar defects. In the RMC simulation, the Te-Te
homopolar correlations are still relatively abundant, whereas

they are barely visible in DFT simulations and also from a
visual inspection of the network structure. One should also
note that the RMC fits by Stellhorn et al. [50] lead to an
amplitude for the homopolar Ge-Ge peak at �2.4 Å that is
significantly reduced.

IV. PROPERTIES OF THE DISPERSIVE GeTe MODELS

So far, we have checked the overall quality of an improved
structural model of amorphous GeTe using the van der Waals–
like dispersive correction. Results for both the total structural
factor SX(k) and the pair-correlation function g(r) have been
found to be of unprecedented accuracy when compared to
corresponding experimental results. An additional comparison
with the EXAFS spectrum and the partial structure factors from
AXS has confirmed this overall conclusion. We now focus on
a certain number of structural features that can be determined
from the full analysis of the atomic trajectories obtained from
the vdW simulations.
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TABLE III. Calculated bond distances dij in amorphous GeTe
from different modeling schemes. Note that the present dTeTe have
been determined from an inspection of the atomic structure, given the
weak contribution (shoulder peak) to gTeTe(r) (see Fig. 7).

dGeGe (Å) dGeTe (Å) dTeTe (Å)

DFT-D2 (vdW) 2.48 2.66 2.89
PBEsol 2.51 2.69 2.89
PBE 2.50 2.70 2.89

EXAFS [9] 2.61
EXAFS [57] 2.47 2.62
EXAFS [64] 2.48 2.65
EXAFS [58] 2.47 2.61 3.00
EXAFS [65] 2.59
RMC [50] 2.53 2.60 2.73
RMC [58] 2.48 2.61
RMC [49] 2.50 2.60 2.70
DFT [20] 2.54 2.78 2.85

A. Reduced bond lengths

An inspection of Table III shows that a global improvement
of the bond distances is obtained because we find a Ge-Te bond
length of 2.66 Å, i.e., slightly shorter than that obtained from
the PBEsol simulation (2.69 Å), the latter value being close
to the results obtained from PBE modeling schemes (2.70,
present, or 2.78 Å [20]). Except for the global agreement found
for the total pair-correlation function and structure factor, the
effect of the dispersive forces on local correlating distances
(bond lengths) is small, and their inclusion seems to impact
mostly second-neighbor correlating distances, as acknowl-
edged by Fig. 6. The obtained value for dGeTe is, however,
more in line with diffraction data. Experimentally, it has been
essentially measured dGeTe = 2.60 − 2.61 Å [9,57,58,64,65],
as also determined from RMC modeling [49,50,57,58]. In
addition, the obtained Ge-Ge correlating distance is found to
be rather close to the one determined from EXAFS [12,58,64],
which found dGe-Ge = 2.47 − 2.48 Å, and to RMC values
[50,58,66] obtained from a fit of both AXS and XRD results
(2.48 Å–2.53 Å). The distance of this bond type is found,
indeed, to vary between 2.53 Å [50] and 2.50 Å, the latter
being fitted from both XRD and EXAFS [49]. On the Ge-Ge
correlations, the effect of the van der Waals correction is seen
to also cause a slight reduction of the homopolar Ge-Ge bond
distance from 2.51 Å to 2.48 Å. The reduction of the bond
distance usually has important consequences regarding the Ge
geometry, as already stressed for other compositions in the Ge-
Te binary and discussed below. Concerning the Te-Te distance,
we find dTe-Te � 2.89 Å, somewhat larger than the distance
found from RMC models [49,50,58] (see prepeak in Fig. 7),
in qualitative agreement with previous DFT calculations [20],
and closer to the measured [58] dTe-Te = 3.00 Å.

It should also be stressed that even the EXAFS data exhibit
some differences, and this might be due to differences in
measurement and sample conditions (temperature, Ge or Te
edge, thickness, deposition technique). When the absorption
experiment is performed at room temperature, only the largest
peak is visible in the Fourier-transformed spectra [58] so

TABLE IV. Calculated coordination numbers nij = nij (rm) with
i,j = (Ge,Te), total coordination number ni (i = Ge,Te), and mean
coordination number r̄ in amorphous GeTe compared to experimental
results, and to previous simulations using RMC and DFT. The number
indicated in brackets corresponds to the minimum (cut-off distances)
rm of the corresponding function gij (r) and have been used to evaluate
nij .

nGeGe nGeTe nTeTe nGe nTe r̄

DFT-D2 (vdW) 1.79 2.20 0.28 3.99 2.48 3.24
(2.97) (3.20) (3.23)

PBEsol 1.71 2.45 0.23 4.16 2.68 3.42
(2.97) (3.20) (3.18)

PBE 1.66 2.52 0.06 4.18 2.58 3.38
(3.10) (3.18) (3.08)

EXAFS [57] 1.65-1.89 1.38-1.47
EXAFS [64] 1.2 2.5
EXAFS [58] 1.70 1.40 0.30
EXAFS [65] 1.5
DFT [20] 1.10 3.20 0.10 4.20 3.30 3.75
RMC [49] 2.45 1.50 0.60 3.95 2.10 3.03
RMC [50] 1.44 2.29 0.23 3.73 2.52 3.12

that only the two Ge-Ge and Ge-Te bond lengths could be
measured.

B. Coordination numbers compatible with experiments

From the obtained simulated pair-correlation functions
gij (r) (Fig. 7), we obtain by integrating up to corresponding
first minima rm (see Table IV) the partial coordination numbers
nij for the different models of amorphous GeTe using

nij = 4πρ

∫ rm

0
r2gij (r)dr. (4)

From such calculated coordination numbers nij , we then
determine the coordination numbers of the species, which are
given by ni = nii + nij . One should first keep in mind that a
discussion of such numbers is rather overrated given that the
experimental determination of nij depends substantially on
the preparation conditions and aging behavior of the system
[57], which leads, e.g., to a rather large domain of possible
coordination numbers, e.g., for the Ge-Te pair (1.38–2.50).

From the calculation, it is first seen that the dominant
contribution to Ge and Te coordination number arises from the
connections with Ge atoms, i.e., given the stoichiometry, nGeGe

and nTeGe dominate. We find nGe = 3.99 and nTe = 2.48, or
numbers which are found to be either close to the experimental
determination [9] or close to some of the RMC determinations
of nGe. While Ge atoms are predominantly in a fourfold
coordination, Te has a slightly higher coordination number
than what would be expected from the simple application
of the 8-N bonding rule, where N represent the number of
outer-shell s and p electrons. It should be remembered that
this rule holds for lighter chalcogenides (S, Se [63]). Here,
nTe is substantially reduced when compared to the simulations
without the dispersive correction (here nTe = 2.58 and 2.68 for
PBE and PBEsol, respectively). Previously, it has been found
that nTe = 3.30 [20] but by using a different cut-off value rm.
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TABLE V. Proportion of different coordination units in amor-
phous GeTe. The fraction of the central atom (Ge, Te) that has i

neighbors is given in bold font. The fraction of homopolar bonds
among a given species (0,1,2,...) is given in the next columns. The
cut-off distance for the calculation of the coordination numbers has
been taken at the minimum rm = 3.2 Å of the pair distribution
functions.

0 1 2 3 4 5

GeIII 8.25 3.94 3.43 0.04
GeIV 81.16 6.73 20.25 31.14 21.60 1.42 -
GeV 10.14 0.84 1.47 3.26 2.32 2.21 0.01

TeI 0.65 0.63 0.02 - - - -
TeII 57.09 48.58 8.48 0.032 - - -
TeIII 39.69 28.79 8.02 3.15 - -
TeIV 2.26 0.87 0.39 0.95 0.05 -

An inspection of the corresponding pair-correlation functions
(Fig. 7) shows that PBE and PBEsol lead to a function gGeTe(r)
that has a somewhat larger amplitude for the first peak and a
value gGeTe(rm) that is slightly larger as the vdW calculation.
As seen from Table IV, the difference in Te coordination
between the different DFT models also arises from increased
contributions to nGeTe. One should also notice that even the
RMC models display quite different coordination numbers,
and this is a consequence of the obtained partial correlation
functions using this technique, especially gTeTe(r), which is
found to exhibit a prominent homopolar peak in Ref. [49],
whereas it is significantly reduced in Ref. [50].

Finally, we calculate (Table V) the fraction of r-fold
coordinated species in the DFT-D2 amorphous GeTe. Results
show that germanium atoms have a non-negligible fraction of
coordination defects which are essentially 3- (GeIII, 8.25%)
and fivefold (GeV, 10.14%) coordinated, the dominant motif
remaining, of course, GeIV (81.16%). Among such species, one
should notice that such GeIV have a larger amount of atoms
with two homopolar Ge-Ge bonds (31.14%), whereas only a
small fraction of Ge atoms are fully heteropolar (100% Ge-Te,
i.e., 6.73%). Concerning the Te-based species, because of the
increased coordination number (as compared to a perfect 8-N
rule) which has been found to be nTe = 2.48 (see Table IV),
one has two dominant motifs, TeII and TeIII, whose population
is 57.09% and 39.69%, respectively. These motifs appear
to be mostly linked to Ge atoms (48.58% over 57.09% of
TeII), as also indirectly revealed by the barely observable
homopolar Te-Te prepeak in the partial correlation function
gTeTe(r) (Fig. 7).

From such statistics (Table V), we also calculate the fraction
of Ge-Ge, Ge-Te, and Te-Te bonds, and results are given in
Table VI. It is found that the network is predominantly made
of Ge-Ge and Ge-Te bonds, the fraction of Te-Te bonds being
rather small, i.e., less than 10%. We, furthermore, find a ratio
of Ge-Ge to Ge-Te bonds that is balanced (�2 : 2), almost
consistent with findings from RMC [49,50,58]. These fractions
are found to be substantially altered when the correction due
to dispersion forces is not taken into account, i.e., one finds a
fraction of Ge-Ge bonds that is now reduced (38.5%–39.6%)
for both PBE and PBEsol functionals, as also detected from

TABLE VI. Proportion of bonds in amorphous GeTe (in %) for
the three structure models. Results from RMC models [49,50] are
also given for comparison.

Ge-Ge Ge-Te Te-Te

DFT-D2 (vdW) 45.1 45.3 9.6
PBEsol 39.6 52.4 8.0
PBE 38.5 58.8 2.7

RMC [49] 39.2 50.0 9.7
RMC [50] 23.0 73.3 3.7

the reduced amplitude of the first (homopolar) peak in gGeGe(r)
(Fig. 7). Given that the increased presence of Ge-Ge bonds has
been linked with an growing presence of tetrahedral motifs
[19,48], one is led to believe that the change in bonding
statistics (from PBE and PBEsol to vdW) should, indeed,
impact the fraction of tetrahedra present in the structure, as
discussed below.

C. Increased tetrahedral character

1. Global analysis

Figure 8 shows the Ge-Te-Ge and Te-Ge-Te bond angle
distributions (BAD) for the three structural models. The
former indicates that Te atoms involve an angle of about
90◦, consistent with previous findings using similar electronic
schemes [16,20,21], the presence of dispersion forces leading
only to a global sharpening of the distribution, which is an
indication of a better resolved geometry. The latter (Te-Ge-Te)
shows that with the presence of the Grimme correction, the
peak of the Te-Ge-Te distribution shifts to larger angles,
approximately from �98◦ to 102◦, a feature already anticipated
from the bond length reduction (see above). In fact, in
oxides it is well known that application of pressure leads
to the transformation of a sp3 tetrahedral into an octahedral
geometry [11,67]. This transformation is accompanied by an
increase of corresponding bond lengths [10]. In the present
GeTe system, the acknowledged reduction of the Ge-Te bond
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FIG. 8. Computed bond angle distribution Te-Ge-Te and Ge-Te-
Ge in amorphous GeTe.
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FIG. 9. (a) Standard deviation 〈σθ 〉 for arbitrary angle numbers
n around Ge atoms in DFT-D2 (vdW) simulated amorphous GeTe
split into two categories: Ge atoms having six low 〈σθ 〉 (blue), and
Ge atoms not having such six 〈σθ 〉 (red). Brackets indicate system
averages. The arrows indicate the relevant angles kGem(n) serving for
the discussion. Here, m and k < m are the Ge neighbors, labeled
according to their distance with respect to the central Ge atom.
(b) Corresponding Ge-centered angles 〈θ̄〉. Colored arrows indicate
angles which can be considered as rigid [because of (a)].

length (Table III) leads, therefore, to an increased tetrahedral
character for the Ge atoms. This statement can be made more
quantitative as discussed next.

2. Determination of the tetrahedral fraction

We have mentioned that the reduction of the Ge-Te bond
length will impact the Ge geometry. To quantify the fraction ηT

of germanium tetrahedra, we use a recently introduced method
[34,68] to determine without any ambiguity the fraction of Ge
tetrahedral in the structure.

Note that the method is based on the enumeration of
angular topological constraints [69]. Rather than focusing on
the typical angles between two well-defined geometries [20]
(tetrahedral 109◦ and defect octahedral 90 − 100◦) or on a
bond length argument [21] that gives rise to some uncertainties,
we focus on angular excursions that are computed on-the-fly.
One follows a set of N (N -1)/2 angles defined by the N first
neighbors around a central Ge. Over the simulated trajectory
(i.e., with time), these individual angles define a partial bond
angle distribution out of which a mean θ̄ and a standard
deviation σθ can be computed for each Ge of the network. If the
number of low standard deviations σθ around a Ge atom is six,
a tetrahedron is identified because this geometry is defined
by six rigid angles [69] that give rise to corresponding low
angular standard deviations. On system average, such typical
tetrahedral angles are well defined [Fig. 9(a)] and lead to a

70 80 90 100 110 120 130 140 150
Angle θ (deg)

0

P
(θ

) Pyramidal
Tetrahedral

FIG. 10. Resulting bond angle distribution of identified tetra-
hedral (blue) and pyramidal (red) geometries in DFT-D2 (vdW,
thick lines) and PBEsol (thin lines) simulated amorphous GeTe. The
PBE simulation (not shown) is close to PBEsol. The broken black
lines correspond to reference compounds having a perfect pyramidal
(As2Se3) [70] or tetrahedral geometry (Ge20Se80) [63].

corresponding angle that is, in fact, very close to the tetrahedral
angle of 109◦ [Fig. 9(b)].

When such an analysis is performed on the three simula-
tions of amorphous GeTe (Fig. 9), one obtains a fraction of
Ge tetrahedra ηT = 64.7%, ηT = 43.8%, and ηT = 41.2% for
the vdW, PBEsol and PBE simulations, respectively. Notice
that for the regular PBE simulations a calculation of ηT using
a criteria on long Ge-Te bonds [21] found among the bimodal
fourth Ge neighbor distribution leads to a value (19.6%) that is
compatible with the one determined either for other alloys
(Ge1Sb2Te4 [21]) or for the GeTe system using different
criteria for the enumeration of tetrahedra (see [34] for a review
of methods). Once the Ge tetrahedra is identified, it is then
possible to split the corresponding Ge-centered bond angle
distribution into a contribution arising from the tetrahedra
and a contribution due to a residual (or nontetrahedral)
geometry, found to be close to that of a pyramid (red curves
in Fig. 10). In fact, the corresponding BAD is found to be
centered at an angle of 98◦, similarly to the Se-As-Se BAD in
a-As2Se3 for which the pyramidal geometry of arsenic can be
unambiguously identified [70]. The Grimme dispersion thus
leads to models of amorphous GeTe that contain a much larger
fraction of tetrahedral germanium. It should also be noted
that the substantial decrease of ηT when dispersion forces
are absent is also due to a strong reduction of the fraction of
fourfold Ge (GeIV, see Table V), which decreases from 81.16%
to 60.72% when one changes from DFT-D2 to PBEsol (and
67.9% for PBE).

The question of the nature of fourfold germanium ge-
ometry is also related to the way the material is produced.
Experimental data are usually extracted from as-deposited
samples (see Table I) using sputtering setups. Therefore the
way such samples are produced differ substantially from
amorphous melt-quenched numerical samples. Akola and co-
workers [52] have recently shown that a structural DFT model
generated by deposition does indeed show a larger fraction of
tetrahedral Ge atoms, induced by a larger number of Ge-Ge
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bonds. This indicates that differences in structural properties
emerge from the preparation conditions, and these also impact
the crystallization kinetics [2]. Since the simulations of as-
deposition were performed with PBEsol, it would certainly be
of interest to probe the combined effect of dispersion forces
and the numerical preparation technique.

D. Reduced ABAB ring statistics

It has been stressed that the important crystallization speed
achieved during the amorphous-to-crystal transformation re-
sults from the presence of so-called ABAB rings (A = Ge,
B = Te). These represent four-membered loops which contain
perfect bond alternation, i.e., only heteropolar Ge-Te bonds
are able to serve as the basic building block for the growth
of the rocksaltlike crystalline phase of GeTe. Akola and Jones
[20,71,72] and other authors [17,29] have shown, in fact, that
the onset of crystalline order is strongly correlated with the
growth of such ABAB motifs. Most of the ring analysis,
however, has been performed on structures containing the
usual flaws of the regular DFT scheme, i.e., bond length
mismatch resulting in only a fair agreement of the simulated
structure functions in real or reciprocal space with the
experimental counterparts.

The present ring calculation uses an algorithm that is mostly
based on the King [73] and Franzblau [74] shortest path search.
The statistics is computed [75,76] up to rings of size n = 10
atoms, and a cutoff distance of 3.2 Å has been used for all
atomic pairs. Minor changes are found under a cut-off change
of ±0.1 Å. Figure 11 represents the number of rings found
in the structure for the three simulation schemes, PBE (a),
PBEsol (b), and vdW (c). First, one should note that, in
contrast with oxide network formers (e.g., SiO2), having 100%
heteropolar bonds and only even sized rings [77,78], tellurides
and can have both even- and odd-sized rings because of the
presence of the homopolar bonds, this situation being also
encountered in selenides and sulfides [63,70,79].

We find that the ring distribution of amorphous GeTe is
dominated by five- and sixfold rings (Fig. 12). This situation
is true for all simulations, the PBEsol showing an increased
fraction of large rings, typically 8- and 10-membered loops,
whereas the PBE has the largest fivefold ring fraction, the
obtained distribution being also similar to the one of the RMC
model of Stellhorn et al. [50]. We also note that the PBE
simulation (panel a) has the largest tendency to form ABAB
rings, as also found in similar simulations [71,72]. However,
ABAB motifs seem to be altered by the presence of dispersion
forces. In fact, in a regular DFT scheme (no vdW), ABAB
are found to substantially contribute to the fraction of four-
membered rings but they are found to be reduced in the vdW
models. Furthermore, larger ABAB rings are also impacted by
the presence of dispersion forces because they are absent in
eight- and ten-membered loops but present in small amounts in
the PBEsol simulation. The same conclusion has been drawn
for Ge-Sb-Te liquids [46], and a study as a function of the
cut-off value showed that the conclusion is not altered with a
change in rm.

Overall, the present ring distribution is consistent with that
found from the most recent RMC model exhibiting a similar
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FIG. 11. Calculated ring statistics (red) in amorphous GeTe and
corresponding ABAB statistics (black) for PBE (a), PBEsol (b), and
DFT-D2 (vdW) (c) simulations.

distribution [50]. The ratios for the ABAB rings are also found
to be very close, i.e., we find that ABAB motifs represents
about 27% of the four-membered ring distribution (i.e., four
ABAB rings over a total population of 15 four-membered
rings). The fraction of the most present rings is 0.185
ring/atom and 0.265 ring per atom for five- and sixfold rings,
respectively.

FIG. 12. Snapshot of an amorphous GeTe configuration with
distorted five-membered rings represented.
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V. CONCLUSION

Amorphous materials belonging to the GexTe1−x binary
system and particularly the GeTe one represent archetypal
networks that can be used for an increasing number of
applications in optoelectronics. The understanding of the
structural, vibrational, thermal, and electronic properties of
this material and of related ones is an important issue given
that many such applications benefit from the low band gaps,
allowing for dedicated electronic functionalities.

Here we have studied the structure of this amorphous GeTe
by using CPMD simulations in conjunction with dispersive
interactions (DFT-D2) based on the Grimme corrections that
handles the effect of polarizability in a phenomenological
fashion. A systematic structural analysis has been performed,
and results have been compared with two benchmark systems
having undergone the same thermal history but without the dis-
persive correction. These correspond to the PBE functional and
to an improved scheme (PBEsol). With respect to these systems
and to previous studies on the same material, the present study
marks a substantial improvement when the result from simu-
lations is compared to experiments on structural properties ac-
cessed from XRD. This is especially appealing from the agree-
ment obtained in the reproduction of the pair-correlation func-
tion in real space and the structure factor in reciprocal space.
Results are compared to a typical benchmark system using
DFT without any corrections (PBE and PBEsol). As a general
result, DFT-D2 leads to typical bond distances that contribute
to the first peak of the pair correlation function g(r), identified
with contributions coming from both Ge-Te and Te-Te bonds.
This improved scheme also shows that the coordination num-

bers are decreased with respect to previous findings, a result
that mostly arises from the fact that the first peak in g(r) is re-
produced with an unprecedented accuracy. We have also com-
pared the numerical results to more recent experimental find-
ings from EXAFS and AXS which represent additional con-
straints for modeling schemes. Another important result is that
the bond distance reduction leads to an increased population of
tetrahedral Ge in the amorphous DFT-D2 system, which repre-
sents about 64.7%, while also suggesting that DFT simulations
without dispersion forces systematically lead to fractions of
tetrahedra that are much smaller. The present findings are,
furthermore, consistent with a recent investigation on Te-rich
Ge-Te glasses [34] which showed that the same incorporation
of Grimme corrections led to a population of Ge tetrahedra in
agreement with experimental measurements from Mössbauer
spectroscopy. This increased tetrahedral fraction from more
accurate structural models might provide some renewed credit
to EXAFS-based models [9] proposing a large number of tetra-
hedra in the amorphous phase. It would be very interesting to
check how the dynamics and crystallization kinetics are mod-
ified once these more realistic structural models are assessed.
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