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The amorphous structure of the phase change material Ge2Sb2Te5 (GST) has been the object of controversial
structural models. By employing first-principles molecular dynamics within density functional theory, we are
able to obtain quantitative agreement with experimental structural findings for the topology of glassy GST.
To this end, we take full advantage of a thoughtful, well established choice of the exchange-correlation
(XC) functional (Becke-Lee-Yang-Parr, BLYP), combined with appropriate options for the nonlocal part in
the pseudopotential construction for Ge. Results obtained by using the Perdew-Burke-Ernzerhof (PBE) XC
functional and a similar strategy for the Ge pseudopotential constructions are also presented, since they are very
valuable and worthy of consideration. The atomic structure of glassy GST is characterized by Ge atoms lying
in a predominant tetrahedral network, albeit a non-negligible fraction of Ge atoms are also found in defective
octahedra.

DOI: 10.1103/PhysRevB.96.224204

I. INTRODUCTION

Ge2Sb2Te5 (GST hereafter) is the most established and
successful phase change material (PCM) [1,2] due to its
high switching speed and its remarkable optical contrast
between the amorphous and the crystalline phases. To exploit
the properties of GST and optimize applications, a precise
understanding of its atomic scale network and bonding
properties is highly desirable. This can be highly beneficial to
unveil the cause of current technological limitations involving
resistance drift and threshold switching phenomena [3,4].
Despite the known dependence of the local order of amorphous
GST on the sample processing [5,6], the structure of the
GST network (mostly octahedral, tetrahedral, or containing
both) and its bonding nature remain elusive [7,8]. Experi-
mentally, x-ray absorption fine structure (EXAFS) and x-ray
absorption near-edge structure (XANES) measurements [9]
point toward predominant tetrahedral Ge motifs, in contrast to
the octahedral arrangement of the crystalline phase. Further
refinement by EXAFS and bond constraint theory [10,12]
revealed a high concentration of Ge–Ge homopolar bonds,
along with overcoordinated Te sites. However, 125Te nuclear
magnetic resonance (NMR) spectroscopy [13] proposed a
mixed Te coordination environment that consists solely of
heteropolar Ge/Sb-Te bonds. Also, x-ray fluorescence holog-
raphy performed on an epitaxial GST layer highlighted the
occurrence of a cubic structure with a tetrahedral symme-
try around Ge sites [14]. The displacements of Ge atoms
from octahedral to tetrahedral sites was found at the very
origin of a nonthermal crystal-to-amorphous phase transition
via ultrafast time-resolved electron diffraction experiments
[15].

The question arises on the capability of a modeling scheme
based on density functional theory (DFT) to elucidate the

*Present address: Chaire de Simulation à l’Echelle Atomique
(CSEA), Ecole Polytechnique Fédérale de Lausanne (EPFL), CH-
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atomic structure of GST in a way consistent with experiments.
We are referring here to the structural optimization or evolution
of temporal trajectories at finite temperatures, as performed
within first-principles molecular dynamics (FPMD). While
the amorphous state [16] was first rationalized in terms of
a spinal-like geometry (tetrahedral geometry), subsequent
FPMD simulations revealed the coexistence of tetrahedral
and octahedral Ge sites [17–19], in puzzling contrast with
EXAFS data. Overall, it appears that FPMD approaches have
been instrumental to unravel the fundamental features of
several processes inherent in the behavior of GST (as the
crystallization mechanism, for instance). However, available
FPMD models overestimate Ge–Ge, Ge–Te, and Sb–Te bond
lengths obtained by EXAFS measurements leading to not
entirely satisfactory predictions for neutron structure factors
and pair correlation functions [17–21].

This observation prompts the search of alternative ap-
proaches to describe glassy GST at the atomic scale. Such
motivation is substantiated by recent achievements obtained
for glassy GeTe4 [22] using the Becke-Lee-Yang-Parr [23,24]
(BLYP) exchange-correlation (XC) functional and appropriate
pseudopotentials (PPs) [25].

In this paper, we exploit the modeling framework of
Ref. [22] to carry out FPMD calculations of glassy Ge2Sb2Te5.
Our results are in very good agreement with x-ray [9,10], neu-
tron scattering [26,27], and EXAFS [10,14,28] measurements,
as shown by comparison with published FPMD data.

The present paper is organized as follows. In Sec. II, we
provide details of our calculation methodology, built on the use
of two different XC functionals and well calibrated choices
for the PPs and their construction. Section III is devoted to
our results and it is organized in subsections. The first features
the comparison between theory and experiments for the total
structure factor S(k), followed by the analysis of the total
and partial pair correlation function g(r). Then, we move to
the coordination numbers. In a final section, we highlight
correlations between structural and electronic properties by
relying on the Wannier functions formalism. Conclusions are
contained in Sec. IV.
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II. METHODOLOGY OF CALCULATIONS

We adopted the Car-Parrinello [29] approach (CPMD) [30]
by making use of the BLYP XC functional or the Perdew-
Burke-Ernzerhof (PBE) XC functional [31]. The valence-core
interaction is described by either norm-conserving Troullier-
Martins (TM) PPs (PBE-TM and BLYP-TM) or by norm-
conserving Goedecker, Teter and Hutter (GTH) PPs [32,33]
(BLYP-GTH). Valence electrons are represented by a plane-
wave basis set expanded at the � point of the simulation
cell with an energy cutoff of 30 Ry. A fictitious electron
mass of 500 a.u. and a time step �t = 0.12 fs ensured
optimal conservation of the constant of motion. The ionic
temperature was controlled with a Nosé-Hoover [34–36]
thermostat chain [37], whereas for the fictitious electronic
kinetic energy we used a Blöchl-Parrinello thermostat [38]
with the target kinetic energy set to 0.04 au. We adopted
the Kleinman-Bylander (KB) construction [39] based on a
local component V loc(r) and a pseudoatomic eigenstate |φl,m〉
expansion for the nonlocal term. We remind that the Kleinman-
Baylander construction of PPs is based on a separable form
where we distinguish between a local and a nonlocal part:

VKB = Vloc(r) +
lmax∑
lm

|V ′
l (r)φlm〉〈V ′

l (r)φlm|
〈φlm|V ′

l (r)|φlm〉 , (1)

where Vloc(r) is the local part of the potential, V ′
l (r) =

VPS(r) − Vloc(r) is the nonlocal part of the potential, and VPS(r)
is the atomic potential of the reference state. φlm denotes
the eigenstate of the atomic pseudo-Hamiltonian. While the
choice of the local part Vloc(r) is arbitrary, one typically
truncates the sum over the angular momentum lm at a given
value lmax. BLYP-GTH PPs were found insensitive to the KB
construction choice. In the case of TM PPs, for both Sb and
Te, our choice for the local part and for the maximum angular
momentum component (lmax) of the nonlocal one are loc = p

and lmax = d. This is identical to what is commonly employed
in the literature. Instead, for Ge, we made an alternative
selection, namely, loc = p, lmax = p. This option features an
extended record of reliability for a large variety of disordered
chalcogenide materials [40–44].

The initial configuration, common to all simulations,
consisted of a disordered system of 144 atoms (32 Ge,
32 Sb, and 80 Te) in a cubic simulation cell of side 16.86

Å, corresponding to a density of 0.030 atom Å
−3

, on which
periodic boundary conditions were applied. NVT simulations
were performed at T = 300 (40 ps), 600 (20 ps), 900 (70 ps),
600 (50 ps), and 300 (42 ps) K. The overall features of the
network topology (tetrahedral versus octahedral coordination)
are not substantially modified when releasing the residual
pressure on the initial volume via a slight expansion. Statistics
were collected on this last part of the thermal cycle over the
last 30 ps. We remark that at 900 K the system shows a high
mobility and broad pair correlation functions typical of a liquid
state. Given these conditions, atomic displacements covered
distances of several atomic bond lengths ensuring effective
loss of memory of the initial configuration. Three systems
were produced, differing by the XC functional and the type
of valence-core PPs. Namely, a first system generated within
a BLYP XC functional and TM PPs (BLYP-TM), a second

one within a PBE XC functional and TM PPs (PBE-TM),
and a third one (BLYP-GTH) within the identical BLYP
XC functional of the first case but making use of GTH PPs
(BLYP-GTH).

To establish correlations between the structural features
of the GST network and its chemical bonding properties,
we calculated maximally localized Wannier functions [45,46]
averaged over 200 configurations sampled along the last 25 ps.
The analysis of the Wannier centers with respect to the
nuclear positions proved instrumental in gaining insight into
the correlation between structural and bonding properties for
several disordered chalcogenides [42,47,48].

III. STRUCTURAL PROPERTIES

A. Total structure factors and pair correlation functions

The neutron and x-ray scattering structure factors of
amorphous GST for the BLYP-TM and PBE-TM systems are
compared to experimental data in Fig. 1. The intensities of
all the peaks are well reproduced with an accuracy of 90% or

FIG. 1. Calculated and experimental neutrons (a) and x-ray (b)
total structure factor S(k) of amorphous Ge2Sb2Te5. X-ray and neu-
trons experimental data are taken from Refs. [26,27], respectively. The
BLYP-TM (magenta line), PBE-TM (red line), BLYP-GTH (green
line), and BLYP-TM-D (brown line) are compared to experimental
data (dashed blue line).
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FIG. 2. Calculated and measured total neutrons structure factor
S(k) of amorphous Ge2Sb2Te5. (a) The BLYP-GTH results (green
line), SGCPMD-PBE-GTH simulations from Refs. [19] (red line)
and BOMD-PBE-TM simulations from Ref. [18] (maroon line) are
compared to experimental data from Ref. [27] (dashed blue line).
(b) The BLYP-TM results (magenta line) is compared to experimental
data (dashed blue line).

more. The only notable discrepancy is a shift in the position

of the third peak around 5 Å
−1

. Concerning the two XC
functionals, BLYP-TM and PBE-TM perform similarly for

k < 4 Å
−1

, while in the range 4–9 Å
−1

PBE-TM deviates
slightly from the experimental curve, in contrast with the
excellent behavior of BLYP-TM.

The disagreement with experiments is much more severe
in the BLYP-GTH case. Knowing that the performance of a
given model is at its best for smaller values of the Wright
parameter Rχ [49] [Eq. (2)], BLYP-TM features values of Rχ

roughly half (Rχ equal to 6.84%) of those found previously
by FPMD-DFT models,

Rχ ≡
{∑

i [Sexp(ki) − SFPMD(ki)]2∑
i S

2
exp(ki)

}1/2

. (2)

Here, Sexp(ki) and SFPMD(ki) are the experimental and the
simulated structure factors at a given wave vector ki . Worth of
note is also the Rχ values for the PBE-TM case, equal to 7.31.

Figure 2 exemplifies the different performances of the DFT
schemes employed, by focusing separately on (i) those for
which the agreement on the total neutrons structure factor
is less satisfactory [Fig. 2(a)] and (ii) on our BLYP-TM
results [Fig. 2(b)]. All theoretical models are compared to
neutron diffraction measurements from Ref. [27]. The results
considered in Fig, 2(a) refer to our BLYP-GTH model and
to those of Ref. [18] [Born-Oppenheimer simulation (BOMD)
with PBE XC functional and TM PPs, called hereafter BOMD-
PBE-TM] and Ref. [19] [second generation Car-Parrinello
simulation (SGCPMD) with PBE functional and GTH PPs,
called hereafter SGCPMD-PBE-GTH]. We found Rχ equal
to 12.93% for BLYP-GTH, to 12.68% for BOMD-PBE-TM,
and to 12.09% for SGCPMD-PBE-GTH. The origin of the

TABLE I. Maximum angular momentum lmax used in the KB
construction of pseudopotentials.

Kleinman-Baylander construction

Simulation Ge Sb Te

TM this work lmax = p lmax = d lmax = d

TM Ref. [18] lmax = d lmax = d lmax = d

GTH this work lmax = d lmax = d lmax = d

GTH Ref. [19] lmax = d lmax = d lmax = d

lower Rχ (6.84%) in the BLYP-TM case [Fig. 2(b)] deserves
to be rationalized in detail. In this context, the selection
of the exchange-correlation functional cannot be invoked
to account for the recorded behaviors, since BLYP-GTH,
BOMD-PBE-TM, and SGCPMD-PBE-GTH lead to very close
results. Therefore we analyzed the specific pseudopotential
constructions adopted in the present and in previous studies.

In order to understand what makes our Ge TM PP different
from other PPs, we looked at the Kleinman-Baylander (KB)
construction used in each work. As shown in Table I, we use
lmax = p as the maximum channel in the KB construction of
the Ge PP, while the TM PP from Ref. [18] as well as our GTH
and the GTH scheme from Ref. [19] have d as the maximum
channel in the Ge PP.

Given these premises, the question arises on the hypothe-
sized impact of this construction on the structural properties of
glassy GST. To assess this point, an amorphous GST system
has been generated following the same recipe adopted for
BLYP-TM and taking the Ge PP with lmax = d (this model is
called hereafter BLYP-TM-D). The Ge electronic structure
is [Ar] 3d10 4s2 4p2, thus the d channel included in the
pseudopotential is empty. Results are compared to experiments
and to the BLYP-TM case (lmax = p) in Fig. 1.

For the BLYP-TM-D case, we find a Wright parameter RX

equal to 10.95%. This value is similar to the one found with
the BLYP-GTH, BOMD-PBE-TM and SGCPMD-PBE-GTH
schemes. Overall, it appears that the FPMD performances in
the case of glassy GST acquire a stronger quantitative character
when adopting lmax = p in the Ge PPs. This legitimates the
choice adopted throughout the present paper.

Partial pair correlation functions (PCFs) are reported in
Fig. 3, while related coordination numbers are listed in Table II.
These are determined using as a cutoff distance criterion
the first minimum of each gαβ(r), apart from the Sb–Te
bonds, where a cutoff radius of 3.4 Å was selected on the
basis of the outer edge of the Sb–Te PCF in the crystal
phase. For completeness, a comparison of the partial pair
correlation functions obtained via BLYP-TM and BLYP-TM-
D is provided in Fig. 4. The first peak in both the Ge-Ge and
Ge-Sb PCFs is assigned to the presence of Ge–Ge and Ge–Sb
“wrong bonds.” Following the terminology of Ref. [51], we
define as wrong bonds those that do not occur in the crystal. At
variance with former models obtained by typical melt-quench
procedures [19,21] our results show a considerable amount
of “wrong bonds.” In this respect, our results are in line
with the estimate obtained on the basis of experimental
high energy x-ray and K-edge EXAFS measurements [28].
While the PBE-TM model slightly overestimates bond lengths
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FIG. 3. Partial pair correlation functions of amorphous
Ge2Sb2Te5 for the BLYP-TM (magenta line), PBE-TM (red line),
and BLYP-GTH (green line) models.

and coordination numbers, the BLYP-TM one reproduces
accurately the rGeGe, rGeTe, and rSeTe distances.

B. Coordination number and analysis of local environment

The distribution of the coordination numbers for Ge, Sb,
and Te are shown in Fig. 5. The local environment turns
out to be rather similar for both the BLYP-TM and the
PBE-TM systems, the difference being less than 5%, whereas
significant differences are found for the BLYP-GTH case.
Glassy Ge2Sb2Te5 exhibits a large amount (∼80%) of fourfold
Ge sites. Among these fourfold atoms, Ge-GenTe4−n (n = 0,1)
are the most abundant, i.e., 38.6% for BLYP-TM and 38.9%
for PBE-TM. Sb is mainly threefold (∼60%) with ∼30% of

FIG. 4. Partial pair correlation functions Ge-Ge, Ge-Sb, and Ge-
Te as obtained from BLYP-TM (magenta line) and BLYP-TM-D
(orange line) models.

fourfold configurations and Te is mainly twofold (∼60%) with
∼30% of threefold atoms. Such a topology provides a new
picture of glassy GST, corresponding to the best agreement
recorded so far with experimental data.

Clear cut information on the atomic structure can be
obtained from the order parameter [52] q = 1 − 3

8

∑
i>k( 1

3 +
cos θijk)2. Such parameter is able to quantify the different
weight of distinct coordination, the sum running over the
bonded atom pairs where j is the central atom forming a
bonding angle θijk with its neighbors. For a perfect tetrahedron,
the order parameter is q = 1, while q = 0 refers to a sixfold
octahedral environment. Defective octahedra correspond to

TABLE II. Bond lengths (rαβ ) and partial coordination numbers (nαβ ) extracted from the partial pair correlation functions [gαβ (r)] of
amorphous Ge2Sb2Te5 models generated with BLYP and PBE XC functionals. α and β denote the two atomic species. T Ge is the fraction Ge
atoms in tetrahedral geometry. Experimental results are from Refs. [9,10]. SGCPMD stands for “second generation Car-Parrinello molecular
dynamics,” while BOMD stands for “Born-Oppenheimer molecular dynamics.” It should be noted that the BLYP-TM results of Ref. [50] were
obtained by combining PBE pseudopotentials and BLYP exchange-correlation functionals (private communication by the authors). We have
used the following cutoff distances as determined from the first minimum of each gαβ (r): rGeGe = 3.1, 2.9, 3.1 Å, rGeSb = 3.3, 3.2, 3.3 Å,
rGeTe = 3.2, 3.3, 3.5 Å, rSbSb = 3.2, 3.3, 3.4 Å, rSbTe = 3.4, 3.4, 3.4 Å, and rTeTe = 3.1, 3.1, 3.2 Å, for BLYP-TM, PBE-TM, and BLYP-GTH,
respectively.

This work SGCPMD BOMD VASP

Exp BLYP-GTH PBE-GTH PBE-TM BLYP-TM PBE-TM HSE
a:[9], b:[10] BLYP-TM PBE-TM BLYP-GTH [11] [19] [18] [50] [50] [50]

rGeGe 2.47b 2.47 2.49 2.75 − − − − − −
rGeSb − 2.73 2.73 2.82 − − − − − −
rGeTe 2.61a , 2.63b 2.63 2.66 2.8 − − 2.78 2.74 2.78 2.84
rSbSb − 2.92 2.99 3.0 − − − − − −
rSbTe 2.85a , 2.83b 2.89 2.92 3.0 − − 2.93 2.86 2.93 2.86

nGeGe 0.6 ± 0.2b 0.42 0.32 0.29 0.29 0.29 − 0.2 0.4 0.6
nGeSb − 0.59 0.51 0.43 0.29 0.36 − 0.1 0.3 0.4
nGeTe 3.3 ± 0.5b 3.02 3.30 4.27 3.16 3.31 − 3.0 3.1 2.7
nSbSb − 0.41 0.56 0.36 0.41 0.43 − 0.4 0.6 0.3
nSbTe 2.8 ± 0.5b 2.99 3.09 3.85 3.30 3.36 − 2.6 2.3 2.6
nTeTe − 0.18 0.16 0.20 0.26 0.30 − 0.2 0.4 0.3

T Ge (%) − 68.7 65.7 22.06 33 27 34 42 33 59
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FIG. 5. Fractions of n-fold Ge, Sb, and Te atoms (n = 1, 2, 3,
4, 5 or 6) for the BLYP-TM (magenta bar), PBE-TM (red bar), and
BLYP-GTH (green bar) models.

q = 5/8 for fourfold coordination and q = 7/8 for threefold
pyramidal ones [17].

Focusing on the BLYP-TM and PBE-TM cases only,
the high fraction of fourfold Ge atoms is reflected by the
corresponding peak in Fig. 6. This indicates that the majority
of fourfold Ge sites has a tetrahedral configuration and the
broadening up to q = 0.5 is due to defective octahedral
fourfold Ge. The fraction of tetrahedral Ge can be estimated
by integrating the q (nc = 4) distribution in the range q =
0.8−1.0. We obtain 68.7% for BLYP-TM and 65.7% for
PBE-TM with the remaining fraction pertaining to defective
octahedral configurations. The broad distribution in the range
q = 0–0.6 for the fivefold Ge is also a signature of defective
octahedral configuration.

IV. ELECTRONIC PROPERTIES: NETWORK
CHEMICAL BONDING

We seek further insight into the interplay between atomic
structure and chemical bonding of GST by resorting to the
Wannier formalism, based on the notion of Wannier functions
and centers WFC (the W label referring to these degrees
of freedom). The WFC formalism provides a powerful tool
for an unambiguous characterization of the bond network
with respect to the traditional analysis based uniquely on
gαβ(r) [53,54]. Recently, we have employed WFC centers to
quantify the different behavior of PBE and BLYP in describing
the fingerprints of the bonding and lone pairs subnetworks of
glassy GeTe4 [22]. We note that, other methods such as the

FIG. 6. Distribution of the local order parameter around Ge
atom for the BLYP-TM and PBE-TM models. Results are given for
different coordination numbers (nc).

FIG. 7. (Left): Partial pair correlation functions gTeWFC(r) (top),
gGeWFC(r) (center), and gSbWFC(r) (bottom). Blue lines refer to BLYP-
TM and red lines to PBE-TM data. (Right) Structural units in GST
identified with the formalism proposed by Refs. [6,54] based on
M(m,n), where M is the central atom (Ge, Sb, Te), m is the nearest-
coordinated neighbor, and n is the number of lone pairs. WFC centers
corresponding to bonds and lone pairs are depicted by light blue and
green spheres, respectively.

crystal orbital overlap population method could provide useful
insight into the nature of chemical bonds as it was applied in
the case of amorphous GeTe [55].

In Fig. 7, we compare the pair correlation functions
gTeWFC(r), gGeWFC(r), and gSbWFC(r) obtained within the
BLYP-TM and PBE-TM frameworks. All three pair correla-
tion functions show two main peaks, corresponding, the first,
to the WFC lone pairs [centered at 0.56 Å (Te-WFC), 0.29
Å (Ge-WFC), and 0.39 Å (Sb-WFC)] and the second, to the
bonding WFC [centered at 1.19 Å (Te-WFC), 1.42 Å (Ge-
WFC), and 1.59 Å (Sb-WFC)]. In the case of glassy GeTe4,
BLYP and PBE differed by the presence or absence of a split
second peak in gTeWFC(r), denoting homopolar and heteropolar
bonding. It appears that such marks are broadened and merged
in the case of GST. In view of the very similar BLYP
and PBE coordination environments, the main difference
between the two XC schemes in terms of correlations with
the Wanniers centers is found in the intensity of the peak
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corresponding to the WFC lone pairs. This difference simply
reflects dissimilar amounts of miscoordinated atoms, at the
very origin of the presence of lone pairs. The corresponding
units are visualized in the right panels of Fig. 7, according
to the formalism proposed in Refs. [6,54]. In the definition
of M(m,n), M is the central atom (Ge, Sb, Te), m is the
nearest-coordinated neighbor, and n is the number of lone
pairs. The above analysis show that the better performances
of BLYP in terms of comparison with experimental structural
data are not reflected by any striking difference in the electron
localization behaviors.

V. CONCLUSIONS

In conclusion, our BLYP-TM model of glassy GST provides
a very good account of experimental structural results. We are
able to recover realistic values for Ge–Te bonds, corresponding
to a combined tetrahedral/octahedral network. Within our
model, the tetrahedra are clearly predominant, this conclusion
being in agreement with several experimental pieces of evi-
dence and in disagreement with others [5,6,9,10,12,14,15,20].
For instance, it was argued in Ref. [20] that Raman features

arising from Ge atoms in tetrahedral coordination are absent in
the experimental counterpart, calling for Raman calculations
to be performed on the present configurations (see Ref. [56]).
Our PBE-TM model is also very well performing, albeit at a
slightly lower level in terms of agreement with the pattern of
the total structure factor and the interatomic distances. Overall,
the bonding features of the two schemes are found to be quite
similar, as shown via an analysis of the correlations between
the ionic positions and the Wannier centers positions. The
predictive power of the BLYP exchange-correlation functional
for disordered chalcogenide materials stems from a specific
choice of the corresponding Ge PP. It remains true that the
debate on the atomic structure of glassy GST awaits further
experimental and theoretical contributions, better accounting,
as done recently [3,57,58], for structural relaxation and
nucleation processes.
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