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a b s t r a c t

The structural properties of glassy GeSe2 were studied by using first-principles molecular dynamics with
the Becke, Lee, Yang and Parr (BLYP) expression for the exchange-correlation energy within density
functional theory. A comparison is made with the results previously obtained for this material by using
first-principles molecular dynamics with the Perdew and Wang (PW) exchange-correlation functional.
Overall, the structures of the BLYP-GeSe2 and PW-GeSe2 networks are quite similar, the BLYP approach
favoring a larger number of Ge–Ge homopolar bonds, in better agreement with the experimental results.
The BLYP network does, however, feature a smaller fraction of corner-sharing motifs by comparison with
the PW network but the fraction of edge-sharing motifs is the same for both structures, at least within
the confines of an approach based on a single temporal trajectory. Further studies are required to
determine whether agreement between the BLYP structure and experiment can be improved by taking
the average over a larger number of temporal trajectories or whether additional developments are
required for the exchange-correlation part of the energy functional.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

One of the crucial ingredients for ensuring that network-
forming disordered materials can be realistically modelled is an
explicit account of the electronic structure [1,2]. In most cases,
a correct description of the connections between various structural
units (including edge-sharing vs corner-sharing configurations,
homopolar bonds and rings of motifs) can only be obtained within
the framework of a first-principles approach, in which no hypoth-
eses are made about the charge distribution and the electron
density has a non-trivial spatial extent. The valence electrons can
be thought of as being located around the atomic sites and in
between them, the correct proportion of these two parts being
highly sensitive to the specific treatment of the electronic structure.
In the case of chalcogenide materials, special attention has been
devoted to the spatial distribution of the electronic charge in liquid
GeSe2 (l-GeSe2) owing, in part, to the similar electronegativities of
the different atomic species [1,3,4].

For l-GeSe2, a detailed comparison has been made between the
pair correlation functions, partial structure factors and coordina-
tion numbers obtained by using the first-principles methodology
with three different approximations for the exchange-correlation
r (C. Massobrio).
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(XC) parts of the Kohn–Sham Hamiltonian in density functional
theory (DFT). Specifically, the local density approximation (LDA),
the generalized gradient approximation (GGA) due to Perdew and
Wang (PW) and the generalized gradient approximation due to
Becke, Perdew, Yang and Parr (BLYP) were investigated [4]. It was
found that the atomic structure obtained by using the LDA was
affected by an excessive amount of chemical disorder (configura-
tions other than Ge coordinated to 4 Se atoms and Se coordinated to
2 Ge atoms) and homopolar bonds. The PW approach improved
upon the LDA bringing theory into an overall satisfactory agree-
ment with experiment. This improvement was due to a better
account of the system ionicity which manifests itself through
a larger depletion of the valence electron charge density at the Ge
sites and a larger accumulation of this density around the Se sites
[1]. Residual shortcomings of the PW approach were attributed to
an insufficiently accurate description of Ge–Ge correlations. The
shape of the calculated Ge–Ge pair correlation function gGeGe(r) was
much less structured than its experimental counterpart and the
mean first-neighbor Ge–Ge distance was excessively long being
15% larger than the experimental value [3]. These observations
prompted the use of a GGA functional which enhances a localized
distribution of the valence electrons at the expense of a delocalized
one, the latter being intrinsic to schemes inspired by a uniform
electron gas model as in the PW approach. Application of the BLYP
scheme to l-GeSe2 led to a shape for the Ge–Ge pair correlation
function that is closer to the experimental one and the level of
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structural organization (the number of non-defected GeSe4 tetra-
hedra) was enhanced. It thus appears that use of the BLYP scheme
improves our DFT model of l-GeSe2 by granting it a more quanti-
tative character [4].

The structure of glassy GeSe2 (g-GeSe2) has been the subject of
a large number of different experimental and computer simulation
studies [2,5–16]. The PW approach has led to a picture for this
network-forming material that is broadly in line with neutron
diffraction data [17]. However, as in the case of l-GeSe2, gGeGe(r) is
much less structured around the main peak and the concentration
of Ge–Ge homopolar bonds is lower than found by experiment. It is
therefore of interest to carry out a new set of calculations aimed at
describing the structural properties of g-GeSe2 by using the BLYP
approach. This will allow for an instructive comparison to be made
between the PW and BLYP results and it is this task that is
accomplished in the present paper.

The manuscript is organized as follows. In Section. 2 we describe
the methodology used to generate a structure for g-GeSe2 using the
BLYP XC functional. The results are collected in two sections, one
devoted to the real space properties (Section. 3) and the other to the
reciprocal space properties (Section. 4). Concluding remarks are
given in Section. 5.

2. Theoretical model

The simulations were performed at constant volume on
a system consisting of 120 atoms (40 Ge and 80 Se). A periodically
repeated cubic cell of side length 15.16 Å was used, corresponding
to a number density of 0.034 Å�3 at a temperature T¼ 300 K,
slightly larger than the value quoted in the corresponding experi-
mental work (0.0334 Å�3) [18]. The electronic structure was
described within density functional theory and evolved self-
consistently during the motion [19,20]. Valence electrons were
treated explicitly, in conjunction with normconserving pseudopo-
tentials to account for core–valence interactions. The wave func-
tions were expanded at the G point of the supercell and the energy
cutoff was set at Ec¼ 20 Ry. We refer to our previous study of liquid
GeSe2 for many of the technical ingredients of the simulations, such
as the energy cutoff for the expansion of the wave functions on
a plane-wave basis set, the value of the fictitious electron mass and
the detail of test calculations carried out on a GeSe dimer [3].

Concerning the choice of XC functional, the PW scheme was
adopted in the past [1,3,17]. This goes beyond the local density
approximation (LDA) by using an analytic representation for the
correlation energy 3c(r) of a uniform electron gas. This represen-
tation allows for a variation of 3c(r) with the charge density r and
spin polarization [22]. By comparison with the LDA method, the PW
scheme leads to a substantial improvement in description of both
the short and intermediate range order in l-GeSe2. However, there
were still differences between theory and experiment which could
be rationalized in terms of an insufficiently accurate description of
Ge–Ge correlations, with excessively long Ge–Ge bond lengths that
are characteristic of metallic liquid Ge [23–26].

In the search for a GGA recipe correcting these defects, we resort
in this work to the generalized gradient approximation after Becke
(B) for the exchange energy and Lee, Yang and Parr (LYP) for the
correlation energy [27,28]. Our choice is motivated by the fact that
no explicit reference to a uniform electron gas is made in the
derivation of the LYP correlation energy [28,29]. This scheme
enhances the localized behavior of the electron density at the
expense of electronic delocalization effects that favor a metallic
character. These effects are built into GGA recipes having the
uniform electron gas as a reference system, as in the case of the PW
scheme. We refer to our recent work on a comparison between the
PW and BLYP structures of l-GeSe2 for a more detailed rationale
about the reasons underlying our choice of the BLYP XC functional
[4]. It has to be underlined that the PW and BLYP schemes differ
only in the treatment of the correlation energy since the exchange
energy, due to Becke, is the same for both approaches [27].

In the following, the comparison between the PW and BLYP
structures makes use of the PW data of Ref. [21]. From the temporal
trajectory in the liquid state used to obtain the results presented in
Ref. [21], we have selected one configuration as the initial one for
the BLYP calculations. The system was left to evolve at a tempera-
ture of 900 K for 50 ps by using a Nosé–Hoover thermostat [30,31].
The system was then annealed at T¼ 600 K for 20 ps and at
T¼ 300 K for a final trajectory of 10 ps during which statistical
averages were collected. The interval of 50 ps at T¼ 900 K allowed
for significant atomic diffusion and ensured that memory of the
initial configuration was lost. This quenching schedule does not
differ significantly from the one adopted in Ref. [21] where
configurations for the glass at T¼ 300 K were collected by cooling
the system from the liquid state at 1100 K down to 600 K in 22 ps
(10 ps at 1100 K, 7 ps at 900 K and 5 ps at 600 K) and by annealing
for 22 ps at T¼ 300 K.

Care must be exercised when comparing the averages obtained
from only one temporal trajectory. In Ref. [17], it was pointed out
that substantial statistical errors affect the overall averages
obtained for the structural properties of glassy systems. This
conclusion was drawn by observing the behavior of representative
quantities (pair correlation functions, coordination numbers,
number of homopolar bonds) calculated for several independent
trajectories starting from uncorrelated liquid configurations. We
will use these results to guide us in assessing the significance of the
differences found between the structural quantities calculated by
using the PW and BLYP approaches. Accordingly, discrepancies
between the structures that were obtained will not be highlighted
unless they lie outside the error bars previously established in the
case of glassy GeSe2 (PW calculations) for a set of six independent
trajectories [17].

3. Real space properties

In Fig. 1 we display the calculated and experimental partial pair
correlation functions (PCFs) calculated by using the PW (Ref. [21])
and BLYP (present work) approaches. The peak positions and
coordination numbers nab extracted from the PCFs are listed in
Table 1, where they are compared with the experimental data taken
from Table 2 of Ref. [14]. In the case of gSeSe(r), there are no
substantial differences between the PW and BLYP results. The PW
and BLYP calculations both give a higher intensity for the first peak
in gSeSe(r), resulting in a moderate overestimate of the corre-
sponding coordination number nSeSe for homopolar bonds, namely
nexpt

SeSe ¼ 0:2; nPW
SeSe ¼ 0:24; nBLYP

SeSe ¼ 0:30.
As seen in Fig. 1, gBLYP

GeSeðrÞ and gPW
GeSeðrÞ are both in good agree-

ment with experiment in terms of the position and width of the
main peak. On the experimental side, the intensity of this peak is
slightly higher and the decay to zero with increasing distance r is
more abrupt than for both gBLYP

GeSeðrÞ and gPW
GeSeðrÞ. The finite values

of gPW
GeSeðrÞ in between 2.5 Å and 3 Å contribute to a larger coordi-

nation number nGeSe as obtained by integrating over the first peak
in the Ge–Se PCF up to the first minimum, namely nPW

GeSe ¼ 3:92
compared to nexp

GeSe ¼ 3:7. The BLYP XC functional has the effect of
inducing a more rapid decay to zero of the main peak, resulting in
a better value for the coordination number, nBLYP

GeSe ¼ 3:58.
The comparison between gPW

GeGeðrÞ; gBLYP
GeGeðrÞ and gexp

GeGeðrÞ in
Fig. 1 shows three distinct features in the region 2 ( r(Å) ( 4. The
first and third features show up as distinct peaks, while the second
feature is discernible as a shoulder in both gexp

GeGeðrÞ and gPW
GeGeðrÞ,

becoming a peak in gBLYP
GeGeðrÞ. With increasing r, these peaks and/or
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Fig. 1. The partial pair correlation functions (PCFs) for glassy GeSe2. The experimental
results of Ref. [13] (thin solid curves) are compared with the PW results of Ref. [21]
(dotted curves) and with the present BLYP results (thick solid curves).

Table 1
The first peak (FP), second peak (SP) and third peak (TP) positions in the experi-
mental (Ref. [14]) and theoretical gab(r) functions where PW stands for the results of
Ref. [21] and BLYP for the present results. nab, n0ab and n00ab are the coordination
numbers corresponding to the FP, SP and TP, respectively, and refer to the number of
atoms of type b surrounding an atom of type a. IR represents the integration range
for each coordination number. In our calculations the IRs are taken as the intervals
between the two minima preceding and following a maximum. Note that the
models gave no signature of a second peak in gSeSe(r) so, for clarity of presentation,
the peak position, integration range and coordination number obtained from the
second peak in gPW

SeSeðrÞ and gBLYP
SeSe ðrÞ are compared to the corresponding values for

the third peak in the experimental Se–Se function.

gab(r) FP (Å) nab IR [FP](Å) SP (Å) n0ab IR [SP](Å)

gexp
GeGeðrÞ 2.42 0.25 0–2.73 3.02 0.34 2.73–3.19

gPW
GeGeðrÞ 2.45 0.05 0–2.70 3.11 0.32 2.70–3.14

gBLYP
GeGeðrÞ 2.43 0.20 0–2.78 3.11 0.69 2.78–3.27

gexp
GeSeðrÞ 2.36 3.7 2.09–2.61

gPW
GeSeðrÞ 2.37 3.92 2.11–3.12

gBLYP
GeSeðrÞ 2.35 3.58 2.07–3.04

gexp
SeSeðrÞ 2.32 0.20 0–2.55 2.74 0.06 2.55–3.09

gPW
SeSeðrÞ 2.37 0.24 0–2.70

gBLYP
SeSe ðrÞ 2.37 0.30 0–2.65

TP (Å) n00ab IR [TP](Å)

gexp
GeGeðrÞ 3.57 3.2 3.19–4.23

gPW
GeGeðrÞ 3.74 3.02 3.14–4.34

gBLYP
GeGeðrÞ 3.61 3.15 3.27–4.62

gexp
SeSeðrÞ 3.89 9.3 3.09–4.39

gPW
SeSeðrÞ 3.81 9.85 2.70–4.62

gBLYP
SeSe ðrÞ 3.89 9.90 2.67–4.64

Table 2
The average number of dimers, trimers, tetramers and pentamers for the Ge and Se
atomic species. The numbers in parentheses are the results obtained in Ref. [21] by
using the Perdew-Wang (PW) exchange-correlation functional. We also compare the
calculated and experimental values (in percent) for the fraction of Ge atoms in
Ge–Ge homopolar bonds, NGe–Ge, the fraction of Se atoms in Se–Se homopolar
bonds, NSe–Se, the fraction of Ge atoms forming edge-sharing connections, NGe(ES),
and the fraction of Ge atoms forming corner-sharing connections, NGe(CS). It should
be noted that the values of NGe(ES) and NGe(CS) differ from those given in Ref. [21]
since a different approach has been used to extract these numbers from the atomic
configurations (see the text).

Dimers Trimers Tetramers Pentamers
Ge 4(1) – – –
Se 4(8) 2(1) –(�) 1(�)

NGe–Ge NSe–Se NGe(ES) NGe(CS)
PW 5 24 58 37
BLYP 20 30 58 22
Experiment: Ref. [14] 25 20 34 41
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shoulders can be identified with homopolar Ge–Ge bonds, Ge
atoms involved in edge-sharing connections, and Ge atoms
involved in corner-sharing connections, respectively. Interestingly,
gBLYP

GeGeðrÞ has a more pronounced minimum than gPW
GeGeðrÞ at r a 4 Å,

consistent with the case of l-GeSe2 [4]. In the BLYP model, the
intensity of the first peak is very close to the experimental one,
improving upon the PW results. Accordingly, the fraction of Ge
atoms involved in homopolar bonds (8/40¼ 20%) is in reasonable
accord with the experimental value of 25% [13,14].

In the experimental work of Ref. [14], the coordination number
obtained by integrating over the shoulder at z3 Å in the Ge–Ge PCF
was used to estimate the fraction of Ge atoms in edge-sharing
connections (NGe(ES)¼ 0.34). By following the same procedure,
a value NGe(ES)¼ 0.32 was reported in Table 2 of Ref. [21] for the
PW network and a much larger value of NGe(ES)¼ 0.69 is obtained
for the present BLYP structure. The latter value is in line with the
presence of a sharp second peak in gBLYP

GeGeðrÞ (see Fig. 1). An alter-
native method to obtain the fraction of Ge atoms involved in edge-
sharing connections is to enumerate the number of Ge atoms
participating in four-fold rings [17]. This choice has the advantage
of including all edge-sharing connections, without excluding those
in which the Ge atoms are separated by a distance larger than the
second minimum in gGeGe(r). This method was adopted to compile
the NGe(ES) values given in Table 2 for the PW and BLYP structures.
Accordingly, the PW results for NGe(ES) listed in this table super-
sede those given in Table 2 of Ref. [21]. The PW and BLYP calcula-
tions give identical values of NGe(ES)¼ 0.58, overestimating the
experimental value of NGe(ES)¼ 0.34.

In Table 2 we list the fraction (in percent) of Ge or Se atoms
involved in homopolar bonds, NGe–Ge or NSe–Se, along with the frac-
tion (in percent) of Ge atoms forming corner-sharing [NGe(CS)] or
edge-sharing [NGe(ES)] connections. To obtain NGe(CS) we follow the
procedure used in Ref. [14], where NGe(CS)¼ 1�NGe(ES)�NGe–Ge,
which holds in the absence of extended chains of Ge atoms either in
edge-sharing configurations or in homopolar bonds. It appears that
the BLYP scheme improves upon the PW scheme in predicting the
number of Ge–Ge homopolar bonds, but a disagreement with
experiment persists for the value of NGe(ES). As a consequence, the
value of NGe(CS) is smaller for BLYP (22%) compared to PW (37%).
Overall, the calculations appear to favor edge-sharing configurations
at the expense of corner-sharing ones, the latter being more
numerous in the experimental data of Ref. [14].

Information on the short range structure of g-GeSe2 is given in
Table 3. We define na(l) as the average number of atoms of species
a that are l–fold coordinated, where a denotes a Ge or Se atom. The
two sets of data for the BLYP and PW models appear to be quite



Table 3
The average number na(l) (bold font, expressed as a percentage) of atoms of species
a (a¼Ge, Se) that are l–fold coordinated at a distance of 2.7 Å. For each value of na(l)
we give the identity and the number of Ge and Se neighbors. For instance, GeSe3 in
the column labeled l¼ 4 means a fourfold coordinated Ge atom with one Ge and
three Se atom nearest-neighbors whereas Se4 means a fourfold coordinated Ge atom
with four Se atom nearest-neighbors. For comparison, the results are also given (in
parentheses) from Ref. [21] where the structure was calculated by using the Per-
dew–Wang (PW) exchange-correlation functional.

Ge l¼ 1 1.1(5.0) l¼ 2 10.8(11.1)
Se 1.1 (5.0) GeSe –(�)

Se2 10.8 (11.1)

l¼ 3 9.9(5.9) l¼ 4 78.1 (75.6) l¼ 5 –(1.8)
GeSe2 2.6(�) GeSe3 15.6(5.0) Ge2Se3 –(�)
Se3 7.3(5.9) Se4 62.5(70.6) GeSe4 –(�)

Se5 –(1.8)

Se l¼ 1 1.1(2.3) l¼ 2 94.6(94.6)
Se –(�) Se2 6.2(1.2)
Ge 1.1(2.3) SeGe 17.5(22.4)

Ge2 71.0(71.0)

l¼ 3 4.3(3.0)
Ge3 4.3(3.0)

PW BLYP
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Fig. 3. The Bhatia–Thornton concentration–concentration partial structure factor
SCC(k) for glassy GeSe2. The experimental results of Ref. [13] (thin solid curves (red in
color on line)) are compared with the PW results of Ref. [21] (dotted curve, left panel)
and with the present BLYP results (dotted curve, right panel).
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similar. However, the increase in number of Ge–Ge homopolar
bonds for the BLYP structure is reflected by a larger percentage of
Ge atoms connected to 1 Ge atom and 2 Se atoms (GeSe2 units) or to
1 Ge and 3 Se atoms (GeSe3 units). Se atoms are organized in chains
forming dimers, trimers and one pentamer. The number of Ge
dimers (4 for the BLYP model against 1 for the PW model) is a mere
consequence of the larger number of Ge–Ge homopolar bonds.
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(dotted curves, right panels).
4. Reciprocal space properties

The Faber–Ziman partial structure factors SSeSe(k), SGeSe(k) and
SGeGe(k) are shown in Fig. 2. In the case of SSeSe(k) and SGeSe(k), the
two levels of theory (PW and BLYP) have comparable performances,
notwithstanding the spurious spikes due to statistical noise. The
comparison is less satisfactory for SGeGe(k). As discussed in Ref. [17],
the theoretical SPW

GeGeðkÞ function is less structured than the exper-
imental one. In particular, SPW

GeGeðkÞ does not show a pronounced
minimum between the first two peaks and the height of the FSDP is
lower. These deficiencies are partially cured by the BLYP approach.
In SBLYP

GeGeðkÞ, the FSDP has a more regular profile and it is followed by
a clear first minimum. This improvement coincides with a deeper
minimum in gBLYP

GeGeðrÞ at r a 4 Å.
To examine the chemical ordering in g-GeSe2, it is of interest to

calculate the Bhatia–Thornton [32–34] concentration–concentra-
tion partial structure factor SCC(k), defined as

SCCðkÞ [ cGecSe DfcGecSe½ðSGeGeðkÞL SGeSeðkÞÞ
D ðSSeSeðkÞL SGeSeðkÞÞ�g; (1)

where SSeSe(k), SGeSe(k) and SGeGe(k) are the Faber–Ziman partial
structure factors while cGe and cSe are the atomic fraction of Ge and
Se atoms, respectively. Both SPW

CC ðkÞ and SBLYP
CC ðkÞ agree well with

their experimental counterpart (see Fig. 3), although the calculated
principal peak has a smaller intensity in the case of SBLYP

CC ðkÞ. We
notice that an FSDP is clearly discernible at the correct location
kFSDP¼ 1 Å�1. The presence of an FSDP in SCC(k) is consistent with
the previously identified relationship between the appearance of
this feature and a small departure from chemical order [35]. Indeed,
the intensity found for the FSDP in SCC(k) for g-GeSe2 is comparable
to that for the g-SiSe2 system where there is also a moderate
departure from chemical order [35].

Taken altogether, the results for the partial structure factors
indicate that the intermediate range order is less sensitive to the
change in the exchange-correlation functional than the short range
order, at least in so far as the different percentages of corner-
sharing and edge-sharing connections inherent in the PW and BLYP
structures have little effect on the intensity of the FSDP in either
SGeGe(k) or SCC(k). However, further trajectories need to be taken for
the BLYP approach to improve the statistical precision and hence
shed more light on this issue.
5. Conclusions

We have compared the structural properties of glassy GeSe2

obtained via first-principles molecular dynamics using two distinct
DFT Kohn–Sham expressions for the total energy, differing in the
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form taken by the exchange-correlation functional. The first, due to
Perdew and Wang (PW), is based on an extension of the uniform
electron gas approximation. The second, due to Lee, Yang and Parr
for the correlation part and to Becke for the exchange part (BLYP),
makes no reference to a uniform electron gas and it is expected to
enhance charge localisation properties, partially correcting for the
residual metallic-like behavior of the PW results. To this end, we
have compared the PW results previously obtained with the new
set of data obtained within the BLYP framework. A similar analysis
has recently been published for the case of liquid GeSe2 [4]. The
most striking result from the BLYP set of calculations is the
increased number of Ge–Ge homopolar bonds, in much better
agreement with the experimental results.

Residual differences with experiment remain at the level of the
gGeGe(r) pair correlation function. As a main consequence, the
fraction of Ge atoms in edge-sharing connections is overestimated
at 58% for both the PW and BLYP structures compared with 34% for
experiment. However, it should be recalled that an extended
calculation of the structural properties of glassy GeSe2 within the
PW scheme resulted in a smaller fraction of Ge atoms in edge-
sharing connections, namely 45� 4% [17]. It remains to be under-
stood whether the results from the BLYP model can be improved by
making more extensive calculations (e.g. by using longer runs and/
or larger simulation boxes) or by devising further refinements to
the exchange-correlation part of the DFT Kohn–Sham energy
functional.
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