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A B S T R A C T

The atomic structure of glassy GeSe3 is obtained via first-principles molecular dynamics (FPMD) calculations
by employing a simulation cell of 480 atoms. We complement and improve results previously published
(Ref. Micoulaut et al., (2013)) on a smaller system (120 atoms) characterized by a marked disagreement with
neutron scattering experiments on the occurrence of Ge−Ge homonuclear bonds. The present calculations show
that a finite number of Ge−Ge bonds may occur on specific trajectories depending on the initial conditions
selected for the quench from the liquid state. This conclusion is substantiated by the observation that the
first trajectory we produced resulted in a negligible number of such homonuclear bonds, while the second
did feature some of them. In terms of tetrahedral connections (either edge-sharing or corner-sharing) FPMD
results appear to overestimate the edge-sharing ones, the extent of the disagreement depending on the reference
experimental probe employed for the comparison (neutron scattering or NMR).
1. Introduction

The structure of glassy systems belonging to the Ge𝑥Se1−𝑥 family
exhibits different degrees of deviations from perfect chemical order. For
a given composition, chemical order corresponds to the arrangement
maximizing the number of heteronuclear bonds. In intuitive terms,
structural organization in Ge𝑥Se1−𝑥 disordered networks results from
the coexistence of GeSe4 units with Se–Se (𝑥 < 0.33 case) or Ge–
Ge (𝑥 >0.33 case) bonds accommodating excess Se or Ge atoms not
linked within tetrahedra. Along the same lines, at the stoichiometric
composition only (GeSe2), one can found in principle all Ge and Se
atoms within the GeSe4 tetrahedron so as to avoid any miscoordi-
nations (coordinations other than four for Ge and two for Se) and
homonuclear Se–Se or Ge–Ge bonds. However, excluding a priori Ge–
Ge (Se–Se) contacts for 𝑥 <0.33 (𝑥 >0.33) or any of them at 𝑥 =
0.33 is not adequate for binary systems characterized by a moderate
difference of electronegativity between the different species, favoring
the appearance of iono-covalent bonding. Stringent evidence in this
direction was provided for the first time in 2000 by the technique
of isotopic substitution in neutron diffraction. Measured partial pair
correlation functions for glassy GeSe2 revealed the presence of nearest-
neighbors Ge–Se, Ge–Ge and Se–Se interatomic distances, proving the
occurrence of Ge–Ge and Se–Se bonds [1]. First-principles molecular
dynamics (FPMD) results concurred with the lack of perfect chemical
order in glassy GeSe2, featuring various levels of agreement between
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E-mail address: evelyne.martin@cnrs.fr (E. Martin).

experiments and theory for the different 𝑔𝛼 𝛽 (𝑟) partial pair correlation
functions [2–4]. Among those, 𝑔GeGe(𝑟) was found the one with the
largest standard deviation, especially for distances smaller than 4 Å,
when calculated on several uncorrelated trajectories.

The absence of available experimental partial structure factors has
long hampered any valuable assessment of FPMD results for Ge𝑥Se1−𝑥
systems with composition 𝑥 <0.33, as those obtained in Ref. [5] (for
glassy GeSe3) and Ref. [6,7] (for glassy GeSe4). In the specific case of
glassy GeSe3, results obtained for a system of 120 atoms, averaged on
four independent trajectories lasting 84 ps, showed an unambiguous
three peak structure for 𝑔FPMD

GeGe (𝑟) corresponding to a Ge subnetwork
made of Ge–Ge homonuclear bonds as well as edge-sharing and corner-
sharing connections [5]. The high intensity of the peak recorded at
short Ge–Ge distances points towards a strong resemblance between
the pair correlation functions 𝑔FPMD

GeGe (𝑟) in glassy GeSe2 and GeSe3, as
if the network did not undergo any major rearrangement by lowering
the concentration of Ge atoms. Also, it is somewhat surprising that
a deficit of Ge atoms expected to form tetrahedral connections with
Se atoms did not result into an absence of homonuclear bonds when
moving from GeSe2 to GeSe3. In 2019 the results of Ref. [5] have been
firmly questioned by a set of data based on neutron diffraction (ND)
with isotopic substitution making available the partial structure factors
𝑆ND
GeGe(𝑘), 𝑆ND

GeSe(𝑘), 𝑆ND
SeSe(𝑘) and the partial pair correlation functions

𝑔NDGeGe(𝑟), 𝑔
ND
SeSe(𝑟), 𝑔

ND
GeSe(𝑟) [8]. There is a favorable agreement between
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these data and FPMD ones in reciprocal space, confirming the overall
road predictive power of this level of theory on short and intermediate

range distances.
In this context, the following considerations are in order. For short

range properties and in particular for those pertaining to chemical
order (heteronuclear connections inherent in the basic structural units,
such as the tetrahedron, characterized by a predominant ionic char-
acter), statistical uncertainties typical of affordable FPMD runs (say,
some hundreds of ps) do not exceed a few percent, these values being
lower in the presence of a more effective statistical sampling, as in
liquid. Structural properties related to intermediate range order are
found less accurate when compared to experiments, due to their higher
sensitivity to the size of the system. When deviations from chemical
order come into play, through the presence of homonuclear linkages be-
tween more mobile atoms covalently bonded, the situation can become
drastically different, with larger differences between averages taken on
independent trajectories. This affects the overall uncertainty of related
properties and occurs exactly in the present case of glassy GeSe3.
Indeed, a remarkable similarity between Ge–Se and Se–Se partial pair
correlation function is noticeable, both in terms of peak positions and
intensities. However, at odds with the results of Ref. [5], 𝑔NDGeGe(𝑟)
eatures no sign of homonuclear Ge–Ge bonds.

In this paper we show that, within FPMD, the simple consideration
f a larger system, combined with a careful analysis of each trajectory

as an entirely reliable statistical entity, allows recovering a much
etter agreement with experiments for a basic structural property (the

pair correlation function 𝑔FPMD
GeGe (𝑟)) describing the Ge–Ge subnetwork

of glassy GeSe3. However, the very extended time scales inherent
in sampling the configurational phase space in the amorphous phase
remain a very hard stake to be surmounted within MD. This leads to
results that depend on the initial conditions for structural details as
the presence or absence of a moderate number of homonuclear bonds.
In the present context, this hypothesis is confirmed when adding to a
first trajectory, globally in agreement with the essence of experimental
structural data, the production of a second trajectory, issued from a
totally uncorrelated starting point in the liquid phase. In this latter
case, the agreement with experiments is much less satisfactory in
terms of occurrence of Ge–Ge homonuclear bonds, as if the trajectory
had sampled a topologically different portion of the configurational
landscape. Similar considerations were developed when considering the
energy landscape properties of Ge–S glassy systems in connection with
the rigidity transition [9].

Overall, our results drive a two-fold consideration. First, FPMD is
perfectly capable to produce a Ge–Ge subnetwork of glassy GeSe3 in
agreement with ND scattering data. Second, this capability is limited by

emory effects and sampling inadequacies, making the results strongly
ependent on the initial conditions and/or size and cooling effects.

The paper is organized as follows. In Section 2 we provide details on
ur FPMD methodology. The results devoted to the structural properties

(Section 3) are divided in three subsections. In the first (Section 3.1)
e recall the basic definitions of partial structure factors and pair

orrelation functions, shown in Section 3.2 and Section 3.3, respec-
tively. Further considerations on the network topology are developed
in Section 3.4. Conclusions are drawn in Section 4.

2. Methodology

Our simulations were performed on a system containing 𝑁at = 480
120 Ge and 360 Se) atoms in a periodically repeated cubic cell of
ize 24.28 Å, corresponding to the experimental density of the glass
t 300 K, 𝜌exp = 4.309 g cm−3 [8].

The electronic structure was described in the framework of density
unctional theory (DFT) with the generalized gradient approximation
GGA) due to Becke (B) for the exchange energy and Lee, Yang and
arr (LYP) for the correlation energy [10,11]. The BLYP approach
as chosen since it proved to give a better description of short-range
2

d

Fig. 1. Ionic temperature (black line) and temperature of the fictitious electronic
degrees of freedom (red line) at 𝑇 = 600 K.

properties (especially in the case of Ge–Ge interactions) in a Ge–Se
networks where the tetrahedral coordination is predominant (liquid
and glass) [12]. In particular, we refer to Ref. [13] for several exam-
ples underlying the better performances of the BLYP approach when
compared to the Perdew and Wang scheme [14]. The method by Car
and Parrinello was employed to ensure a self-consistent evolution of the
lectronic structure during the molecular dynamics motion [15,16].

In our work, the valence electrons were treated explicitly, in con-
junction with norm conserving pseudopotentials of the
Trouiller–Martins type to account for core–valence interactions [17].
The wave functions were expanded at the 𝛤 point of the supercell on
 plane wave basis set with an energy cutoff 𝐸c = 30 Ry. A fictitious
lectron mass of 1000 a.u. (i.e. in units of 𝑚e𝑎20 where 𝑚e is the electron

mass and 𝑎0 is the Bohr radius) and a time step of 𝛥𝑡 = 0.24 fs are
adopted to integrate the equations of motion.

The strict adiabatic coupling between these two sets of degrees of
freedom is ensured by controlling their temperatures via the imple-
mentation of Nosé–Hoover thermostats [18–20]. This approach proved
necessary even at relatively low temperatures, due to the moderate
energy separation between occupied (treated explicitly as degrees of
freedom within the Car–Parrinello scheme) and unoccupied electronic
states. A typical example of the adiabatic conditions achieved in our
calculations is shown in Fig. 1.

A great care was exercised to prepare the glassy states issued from
 starting disordered configuration featuring high diffusion followed
y quenching steps down to room temperature. To achieve these con-
itions one has to produce a so-called thermal cycle consisting of a
amp up and a subsequent ramp down. The purpose of the ramp up
s to obtain a liquid-like system at temperatures allowing effective
iffusion behavior and loss of memory of the initial configuration. The
amp down aims at creating a disordered state having the feature of a
lassy system (vanishing atomic movement) by quenching the liquid
ssued from the ramp up at affordable rates, which are typically of

the order of 1013 K s−1 (100 K temperature reduction followed by a
trajectory of 10 ps). As a prerequisite to the implementation of the
bove steps, a configuration was created by exploiting a set of 480
tomic coordinates of liquid GeSe2 produced previously [13]. Then we

changed the chemical identity of 40 Ge atoms into Se atoms, so as to
btain the right concentration for the GeSe3 composition. Optimization
f the resulting atomic structure via energy minimization to 𝑇 = 0
 makes available an initial starting configuration for the ramp up

rajectories intended to heat the system. At this point, the heating
chedule is implemented by running FPMD for 10 ps at 𝑇 = 100 K,
0 ps at 𝑇 = 300 K, 10 ps at 𝑇 = 450 K, 20 ps at 𝑇 = 600 K, 40 ps at
= 900 K, 10 ps at 𝑇 = 1000 K and 20 ps at 𝑇 = 1200 K. Since the total

verage displacement of the atomic species amounts to ∼ 30 Å, with
iffusion coefficients as high as 3 ⋅10−5cm2 s−1 (as extracted from the
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Fig. 2. Average mean square displacements calculated for the trajectory pertaining to
system A at 𝑇 = 1200 K.

asymptotic time behavior of the mean square displacements, see Fig. 2)
ne can safely consider that no memory of the initial configuration has
een kept, the system being ready to go through the ramp down cooling
rajectories. In Ref. [5] (system C hereafter), four different trajectories

were created, separated by 5 ps and contributing to the statistical
verages on an equal footing, as if they were fully uncorrelated.

Here we adopt a different procedure, based on a much larger inter-
al between the starting points of the trajectories, by ensuring minimal
orrelation between the native configuration of the two quenched

structures produced from the liquid. Accordingly, two independent sets
of trajectories at different temperatures were created, with very similar
engths (system A: 30 ps at 𝑇 = 1000 K, 50 ps at 𝑇 = 800 K, 50 ps at
= 600 K, 30 ps at 𝑇 = 450 K and 50 ps at 𝑇 = 300 K; system B: 20 ps

t 𝑇 = 1200 K, 35 ps at 𝑇 = 1000 K, 50 ps at 𝑇 = 800 K, 50 ps at 𝑇 = 600
, 35 ps at 𝑇 = 450 K and 50 ps at 𝑇 = 300 K) and averages taken at 𝑇 =
00 K on the whole interval pertaining to that temperature. The overall
emperature reduction ranges from 160 to 220 ps when considering or
ot the final portion at 𝑇 = 300 K, for a quench rate 𝑞𝑟 close to ∼2
1013 K s−1. This value is common to most FPMD simulations in the area
f amorphous/glassy systems and it was proved to be realistic enough
o avoid totally unrelaxed configurations. Both trajectories of system A
nd system B have been exploited to produce structural properties, with
he intention to highlight their intrinsic difference that are not clearly
erceptible when focusing on a global average only. This is exactly the
ey feature of the present work, nurtured by the observation that the
ntrinsic limits of FPMD calculations in terms of statistical sampling
f amorphous systems can be put to good use to pinpoint the atomic
tructure most compatible with experimental evidence.

3. Structural properties

3.1. Calculation procedure

Comparison with available experimental data on the structural
properties of glassy GeSe3 will be achieved by resorting to the partial
pair correlation functions 𝑔𝛼 𝛽 (𝑟) in real space and to the partial struc-
ure factors 𝑆𝛼 𝛽 (𝑘) in reciprocal phase, expressed in the Faber–Ziman
orm [21,22]. These quantities are mutually related as follows:

𝑔𝛼 𝛽 (𝑟) − 1 = 1
2𝜋2𝜌𝑟 ∫

∞

0
d𝑘 𝑘 [

𝑆𝛼 𝛽 (𝑘) − 1] sin(𝑘𝑟) (1)

where 𝜌 is the atomic number density 𝑁at/𝑉 (𝑉 being the volume) and

𝑆𝛼 𝛽 (𝑘) − 1 = 4𝜋 𝜌
𝑘 ∫

∞

0
d𝑟 𝑟 [𝑔𝛼 𝛽 (𝑟) − 1] sin(𝑘𝑟). (2)

While the isotopic substitution in neutron diffraction allows accessing
each 𝑔𝛼 𝛽 (𝑟) from the corresponding measurable 𝑆𝛼 𝛽 (𝑘), molecular dy-
namics simulations target the direct calculation of 𝑔 (𝑟) as given by
3

𝛼 𝛽
Fig. 3. Partial structure factors of glassy GeSe3 obtained for system A by taking the
time average of Eq. (4).

𝑔𝛼 𝛽 (𝑟) =
⟨𝑁𝛼 𝛽 [𝑟 ∈ (𝑟𝑖𝛼 𝑗 𝛽 ± 𝛥𝑟)]⟩

𝑁at4𝜋 𝑟2𝛥𝑟𝜌
. (3)

In Eq. (3) 𝑟𝑖𝛼 𝑗 𝛽 is the interatomic distance between a given atom
of species 𝛼 and a given atom 𝑗 of species 𝛽 and 𝑟 ∈ (𝑟𝑖𝛼 𝑗 𝛽 ± 𝛥𝑟)

means that the values of 𝑔𝛼 𝛽 (𝑟) are calculated via discretization of
the interatomic distances in shells of width 𝛥𝑟 = 0.03–0.05 Å. ⟨𝑁𝛼 𝛽⟩
stands for the statistical average of the molecular dynamics trajectory.
Eq. (3) is normalized so as to attain the asymptotic value of 1 for large
istances, where atomic positions are totally uncorrelated.

The above expression allows for an evaluation of the partial struc-
ture factors 𝑆𝛼 𝛽 (𝑘) via Eq. (2) devoid of the large statistical noise
affecting (especially for amorphous systems) MD calculations based on
he direct expression of 𝑆𝛼 𝛽 (𝑘)

𝑆𝛼 𝛽 (𝑘) = 1
𝑁at

𝑁𝛼
∑

𝑖=1

𝑁𝛽
∑

𝑗=1
𝑒−𝑖𝐤⋅(𝐫𝑖𝛼−𝐫𝑗 𝛽 ). (4)

where in Eq. (4) 𝑁𝛼 , 𝑁𝛽 are the number of atoms of species 𝛼 and 𝛽, re-
spectively. An example of direct calculation of 𝑆𝛼 𝛽 (𝑘) via Eq. (4) as the
verage over the trajectory pertaining to system A is provided in Fig. 3.

The level of noise is particularly important for 𝑆𝐺 𝑒𝐺 𝑒(𝑘), preventing a
clear-cut assessment of the level of agreement with experiments.

Over the years, the combined use of Eq. (3) (for the calculation of
the partial pair correlation functions) and Eq. (2) (for the calculation of
the partial structure factors) has provided a wealth of reliable results in
the area of disordered and glassy systems, due to increased availability
f larger periodic boxes allowing for meaningful integrations of the pair

correlation functions covering the asymptotic regime at large distances.
It is worth mentioning that an alternative expression for the partial

structure factors can also be found in the literature, focussing on the no-
tion of number–number and concentration–concentration correlations,
or a combination of the two. These are the so-called Bhatia–Thornton
(BT) partial structure factors [23,24]

𝑆NN(𝑘) = 𝑐𝛼𝑐𝛼𝑆𝛼 𝛼(𝑘) + 2𝑐𝛼𝑐𝛽𝑆𝛼 𝛽 (𝑘) + 𝑐𝛽𝑐𝛽𝑆𝛽 𝛽 (𝑘), (5)

𝑆CC(𝑘) = 𝑐𝛼𝑐𝛽{1 + 𝑐𝛼𝑐𝛽 [(𝑆𝛼 𝛼(𝑘) − 𝑆𝛼 𝛽 (𝑘)) + (𝑆𝛽 𝛽 (𝑘) − 𝑆𝛼 𝛽 (𝑘))]}, (6)
𝑆NC(𝑘) = 𝑐𝛼𝑐𝛽{𝑐𝛼(𝑆𝛼 𝛼(𝑘) − 𝑆𝛼 𝛽 (𝑘)) − 𝑐𝛽 (𝑆𝛽 𝛽 (𝑘) − 𝑆𝛼 𝛽 (𝑘))}. (7)
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Fig. 4. Faber–Ziman partial structure factors for the two trajectories considered in this
ork (system A and system B). The label ‘‘Exp’’ stands for the neutron scattering data
f Ref. [8].

The total neutron structure factor can be obtained by combining the
Bhatia–Thornton (BT) partial structure factors as follows:

𝑆T(𝑘) = 𝑆NN(𝑘) + 𝐴 [𝑆CC(𝑘)∕𝑐𝛼 𝑐𝛽 − 1] + 𝐵 𝑆NC(𝑘). (8)

In Eq. (8), 𝑐𝛼 , 𝑐𝛽 , are the atomic fractions of chemical species 𝛼 and
, 𝐴 = 𝑐𝛼𝑐𝛽𝛥𝑏2∕⟨𝑏⟩2, 𝐵 = 2𝛥𝑏∕⟨𝑏⟩, 𝛥𝑏 = 𝑏𝛼 − 𝑏𝛽 , ⟨𝑏⟩ = 𝑐𝛼𝑏𝛼 + 𝑐𝛽𝑏𝛽 is the

mean coherent neutron scattering length composed with the coherent
eutron scattering lengths of chemical species 𝛼 and 𝛽, namely 𝑏𝛼 and
𝛽 .

3.2. Reciprocal space results: partial structure factors

Fig. 4 shows the partial structure factors 𝑆GeGe(𝑘), 𝑆GeSe(𝑘) and
𝑆SeSe(𝑘) obtained for glassy GeSe3 when calculated for system A and
system B. The agreement with the experimental data of Ref. [8] is
favorable in the case of 𝑆GeSe(𝑘) and 𝑆SeSe(𝑘), with the main features
correctly reproduced at the right positions and a remarkable agreement
on the intensities of the peaks. A limited discrepancy is observed
for 𝑆GeSe(𝑘) on the position of the first peak around ∼ 1 Å−1, this
feature being reminiscent of the FSDP (first sharp diffraction peak),
an unambiguous signature of intermediate range order. The level of
greement worsens for 𝑆GeGe(𝑘), even though a broad agreement on the

overall pattern of this partial structure factor does exist. Experiments
and theory differ by the intensities of the peaks and some shifts in the
oscillations as a function of the wavevector. This is an unmistakable
sign of a reduced level of agreement to be expected also in real space,
although the precise prediction of the impact of the observed difference
on specific features of the partial pair correlation function remains
prohibitive.

On the side of the BT partial structure factors (see Fig. 5), our result
confirms the very good agreement between calculated and measured
𝑆NN(𝑘), this latter quantity being a very good estimate of the total
neutron structure factor 𝑆T(𝑘) as already pointed out in Ref. [5] for
system C. In fact, for networks belonging to the Ge𝑥Se1−𝑥 family like
GeSe9, GeSe4, GeSe3, Ge2Se3, GeSe2, the relationship 𝑆T(𝑘) ≈ 𝑆NN(𝑘)
4

(1% difference at most as a function of the composition) holds true
Fig. 5. Bhatia–Thornton (BT) partial structure factors for the two trajectories consid-
red in this work (system A and system B). The label ‘‘Exp’’ stands for the neutron
cattering data of Ref. [8].

since 𝑏Ge= 8.185 fm and 𝑏Se= 7.97 fm, leading to vanishing values
of A and B in Eq. (8). Interestingly, the partial structure factor 𝑆CC(𝑘)
does exhibit a peak in the FSDP region at ∼ 1 Å−1 thereby indicating
he presence of fluctuations of concentration on intermediate range

distance, as observed for other Ge𝑥Se1−𝑥 compositions [25].

3.3. Real space results: pair correlation functions

Based on the above analysis of the partial structure factors, both
system A and system B are equally well suited to account for the atomic
tructure of glassy GeSe3 and confirm what found for system C where

the comparison with experiments did not involve the partial structure
factors, at that time unavailable. However, in view of the analysis
produced above for the partial structure factors, one can expect that
the agreement with experiments will be higher for 𝑔GeSe(𝑟) and 𝑔SeSe(𝑟),
in line with the consideration that the neutron scattering experiments
have pointed out the absence of homonuclear Ge–Ge bonds found
in system C (see Ref. [5]). In addition, it is important to underline
that, due to the intrinsic character of reciprocal space data that are
convolution of contributions in direct space, a conclusive insight into
the network structure can only be gained by considering the pair corre-
lation functions 𝑔𝛼 𝛽 (𝑟). These have been obtained for systems A, B and
C and by neutron diffraction with isotopic substitution (Ref. [8]). The
omparison is given in Fig. 6. Negligible differences among the four sets

of results are recorded for 𝑔GeSe(𝑟) and 𝑔SeSe(𝑟), with nearest neighbor
oordination number very close to those pertaining to the chemically
rdered network model (CON) (see Table 1). On the contrary, the shape

of 𝑔GeGe(𝑟) reflects a much higher sensitivity to the model production,
exhibiting 𝑎) a clear understimate of the intensity of the third peak at
∼ 3.7 Å (related to corner-sharing, CS, tetrahedra) common to all FPMD
results 𝑏) higher intensities for the second peak at ∼ 3 Å (representative
of edge-sharing, ES, tetrahedra), especially for system B and 𝑐), most
importantly, different number of homonuclear bonds at ∼ 2.3 Å as
indicated by the various heights of the first peak. The disagreement
on the intensities of the second and third peak of 𝑔GeGe(𝑟), common
to systems A, B and C, corresponds to different proportions of ES 𝑣𝑠
CS tetrahedra. As mentioned in the introduction, more puzzling is the
case of Ge–Ge contacts since experiments rule out such bonds for this
system, in perfect agreement with the CON model but at odds with what
obtained for system C. The present study provides clues to interpret this
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Fig. 6. Partial pair correlation functions. System A, system B: FPMD trajectories
produced in this work. System C: Ref. [5]. Exp: Ref. [8].

result and bypass this apparent shortcoming. One notices that system
A features a very small number of homonuclear bonds, in very close
agreement with experiments. This is an unmistakable sign that the Ge–
Ge subnetwork is very much sensitive to the sampling of the initial
conditions, by proving that in any case no conclusions can be drawn
n the basis of a single trajectory (albeit quite extended, up to 100
s), especially for a system made of only 120 atoms, as system C. The
egitimacy of this statement is boosted by the observation that system
 performs much worse than system A (and somewhat also than system
, at least considering the intensity of the ES peak).

Previous work on the structure of amorphous networks (especially
halcogenides) by FPMD has pointed out that the strong variability of
he Ge subnetworks in terms of nearest-neighbors arrangements can be
ealt with by resorting to a large number of trajectories, allowing for
he evaluation of a suitable statistical error [2]. While this holds true

in any case, this strategy appears quite often unaffordable and cannot
be employed systematically since the number of trajectories within the
reach of FPMD is necessarily limited by computational costs. In this pa-
per, we propose to look at the averages obtained from each individual
trajectory, by the best suited to be the counterpart of the real system.
This is done by acknowledging that trajectories can sample parts of the
phase space more or less compatible with experimental findings.

3.4. Real space results: coordination numbers and tetrahedral connections

Once established the relevant pair correlation function 𝑔𝛼 𝛽 involving
pairs of atoms 𝛼 and 𝛽, one can obtain the coordination numbers 𝑛𝛽𝛼
by integrating 𝑔𝛼 𝛽 up to the first minimum. The relationship to be
employed to obtain the coordination numbers is the following:

𝑛𝛽𝛼 = 4𝜋 𝜌𝑐𝛽 ∫
𝑟2

𝑟1
d𝑟 𝑟2 [

𝑔𝛼 𝛽 (𝑟)
]

(9)

where 𝑟1 and 𝑟2 are two appropriate distances expressing the range
ver which 𝑛𝛽𝛼 is defined. By definition the total coordination numbers
or atoms 𝛼 and 𝛽 are given by 𝑛𝛼 = 𝑛𝛼𝛼 + 𝑛𝛽𝛼 and 𝑛𝛽 = 𝑛𝛽𝛽 + 𝑛𝛼𝛽
here 𝑛𝛽𝛼/𝑐𝛽 = 𝑛𝛼𝛽/𝑐𝛼 and the average total coordination number 𝑛t ot

s equal to 𝑐𝛼 𝑛𝛼 + 𝑐𝛽 𝑛𝛽 . As shown in Table 1, the three FPMD models
are consistent with the notion of a chemical ordered network, with
oordination numbers 𝑛Ge, 𝑛Se broadly agreeing over system A, system
 and system C. The most notable difference between the three sets of
5

w

Table 1
Values for the coordination numbers 𝑛GeGe, 𝑛SeGe, 𝑛SeSe, 𝑛GeSe , 𝑛Ge, 𝑛Se, and the total
coordination number 𝑛t ot . Exp: neutron diffraction results of Ref. [8]. System A, B:
FPMD trajectories produced in this work (𝑁at= 480). System C: FPMD results of Ref.
[5] (𝑁at= 120). RCN stands for the random covalent network model.

𝑛GeGe 𝑛SeGe 𝑛Ge 𝑛SeSe 𝑛GeSe 𝑛Se 𝑛t ot
System A 0.02 3.96 3.98 0.68 1.32 2.00 2.50
System B 0.07 3.94 4.01 0.71 1.31 2.00 2.50
System C 0.13 3.87 4.00 0.71 1.29 2.00 2.50
RCN 1.6 2.4 4 1.2 0.8 2 2.5
CON 0 4 4 0.667 1.333 2 2.5
Exp. 0.0 4.00 4.00 0.70 1.333 2.00 2.50

FPMD results concerns 𝑛GeGe, as anticipated by the intensities of the first
peak in 𝑔GeGe(𝑟). System A is the one best reproducing the experimental
outcome featuring the absence of Ge−Ge homonuclear bonds, clearly
present in both system C and to a minor extent, system B.

It is also instructive to consider the amount of Ge and Se found in
edge-sharing (ES) and corner-sharing (CS) configurations (see Table 2).
n the specific case of GeSe3, Se atoms can also be found in Se−Se

contacts, this concentration differing from the stoichiometric one by the
presence of Se atoms that do not bind to Ge atoms in GeSe4 tetrahedra.
By definition, Ge and Se atoms in ES configurations are those found in
fourfold rings, in the large majority of cases chemically ordered with al-
ternate Ge–Se-Ge–Se bonding patterns. The three FPMD models exhibit
very close amounts of Ge and Se atoms in ES configurations. However,
there is an overall overestimate of this kind of connections, in line with
the observation that the second peak of 𝑔GeGe(𝑟) is much smaller in
the experimental results of Ref. [8] when compared to the third one
associated to CS configurations. In this respect, system B is the one
worst performing with an unrealistic 𝑁Ge(ES)/𝑁Ge(CS) ratio larger than
. This is confirmed by the shape of the Ge–Se–Ge bond angle distribu-
ion 𝜃GeSeGe, exhibiting two peaks for well distinct angles corresponding
o ES and CS configurations (see Fig. 7). System B is characterized

by a much higher first peak, indicative of 𝑁Ge(ES)/𝑁Ge(CS) ≫ 1. On
the other hand, both system A and system B predicts correctly the
etrahedral angle of 109 ◦ corresponding to the main peak of 𝜃SeGeSe.

Finally, it appears that, while system C features values for
𝑁Ge(ES)/𝑁Ge, 𝑁Se(ES)/𝑁Se and 𝑁Ge(ES)/𝑁Ge(CS) in slightly better
greement with neutron scattering experiments, system A has to be

preferred in view of its negligible number of homonuclear bonds. In
erms of the comparison with reported measurements, it is worth noting
hat the overall agreement is more favorable if one considers the data
f 77Se MAS NMR experiments of Ref. [26].

4. Conclusions

The main motivation of this work was to reconsider the atomic
structure of glassy GeSe3 in light of the pieces of evidence collected
by neutron diffraction with isotopic substitution (Ref. [8]) making
available detailed information on the atomic Ge and Se subnetworks.
Previous FPMD results have provided evidence on the occurrence of
Ge−Ge bonds, in striking contrast with the experiments quoted above.
More specifically, Ge−Ge homonuclear bonds have appeared on the
Se-rich side of the Ge𝑥Se1−𝑥 family of glasses in FPMD studies, in
disagreement with their absence clearly demonstrated for GeSe3 and
GeSe4 in Ref. [8]. Given the above context, we intended to ascertain
whether this feature is an unavoidable outcome of FPMD approaches
or it can be differently accounted for. To this goal, we produced two
fully uncorrelated trajectories and quenched them from the liquid state
at rates typical of FPMD calculations. In the first case, we obtained
an overall very good agreement with neutron diffraction data via the
nalysis of the Ge–Ge pair correlation function, the number of Ge−
omonuclear bonds being essentially negligible. In the second case, this
ame quantity is by far not negligible, pointing out a drastic change
ith respect to the behavior of the first trajectory, the agreement on the
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Table 2
𝑁Ge(ES), 𝑁Se(ES), 𝑁Ge(CS), 𝑁Se(CS) are the number of Ge or Se atoms in edge-sharing and corner-sharing configurations,
respectively. 𝑁Ge, 𝑁Se are the total number of Ge, Se atoms in system A, B or C. Exp1: Neutron diffraction results of Ref.
[8]. Exp2: 77Se MAS NMR experiments of Ref. [26] as reported in Ref. [8]. Note that the value of 𝑁Ge(ES)/𝑁Ge(CS) given in
Ref. [5] (0.32) is erroneous since not consistent with the number of Ge atoms found in the ES configuration (Fig. 11 of Ref.
[5]) and with the value of 𝑛GeGe (Table II of Ref. [5]).

System A System B System C Exp1 Exp2

𝑁Ge(ES) 39 (𝑁Ge= 120) 59 (𝑁Ge= 120) 8 (𝑁Ge= 30)
𝑁Ge(ES)/𝑁Ge 0.32 0.49 0.27 0.15 0.30
𝑁Ge(CS) 80 (𝑁Ge= 120) 53 (𝑁Ge= 120) 18 (𝑁Ge= 30)
𝑁Se(ES) 40 (𝑁Se= 360) 60 (𝑁Se= 360) 8 (𝑁Se= 90)
𝑁Se(ES)/𝑁Se 0.11 0.17 0.09 0.05 0.10
𝑁Ge(ES)/𝑁Ge(CS) 0.49 1.11 0.44 0.18 0.43
s
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Fig. 7. Bond angle distributions 𝜃SeGeSe and 𝜃GeSeGe for system A and system B.

shape of the other pair correlation functions remaining very favorable.
Since we found a large uncertainty on a very specific quantity, a

istinction in this regard has to be made among properties pertaining
o short range chemical order and those describing deviations from
hemical order, such as the existence of Ge–Ge connections discussed
bove. While the first are found to agree with experimental data within
 few percents, the latter might have much larger statistical errors, due
o their dependence on the initial configurations that tend to persist
uring the quench procedure. Chemical order is the key feature to
e considered in this context, since deviations from these conditions
an involve bond breaking and restoring processes hard to describe

within the time span of FPMD calculations. In view of these thoughts,
he observed dependence of the number of Ge–Ge connection on the

trajectory employed to produce statistical averages can be ascribed to
drastic differences in the starting liquid configurations. By comparison,
the size of the simulation cell has a smaller effect on this outcome, as
proved by the fact that one of the trajectories we created (system B,
𝑁at= 480) has a number of Ge–Ge connections not too dissimilar from
the one of system C, for 𝑁at= 120. Incidentally, it has to be observed
that the size of the system issue is more troublesome when the number
of atoms for a given species is intrinsically small, thereby affecting the
overall statistical sampling.

More than describing this behavior by attributing an error bar to
the mean result obtained from the two independent trajectories, we de-
cided to consider separately the outcome of each single trajectory. This
allows exemplifying the strong dependence on the initial conditions of
the FPMD atomic glassy structures of GeSe3. In this way we showed that
the specific discrepancy between FPMD results and neutron diffraction
regarding the impact of homonuclear Ge−Ge bonds data cannot be
6

ascribed to some shortcoming of the FPMD theoretical framework.
Instead, it reflects an intrinsic limit of statistical sampling that is very
hard to surmount when producing disordered systems configurationally
frozen from the liquid. Having established that FPMD can very well de-
cribe glassy GeSe3 without predicting inevitably homonuclear bonds,
e did observe some persisting disagreement between theory and ex-
eriments on the relative percentage of edge-sharing 𝑣𝑠 corner-sharing
onfigurations. Edge-sharing configurations are more present in FPMD
odels than in neutron scattering experiments while the comparison

improves when considering NMR results.
We reiterate that the strategy consisting in the production of several

trajectories with average values assigned to the given quantities and
related error bar extracted from the standard deviation of the results is
erfectly legitimate and can also be employed to describe the structural
roperties of glassy systems. However, it has two main disadvantages,
hese being the high computational cost and the unavoidable limited
ampling of the configurational phase space hampering a clear distinc-

tion between behaviors differently consistent with the experimental
outcome. In the present case, the average result for the homonu-
clear Ge–Ge bonds calculated on trajectories A and B turns out to be
0.045 with an error bar equal to 0.025. This results by itself is much
less instructive than the observation and careful analysis of distinct
trajectories carried out in this work.

In conclusion, a great care should be exercised when commenting
on supposedly remarkable differences between theory (FPMD calcula-
tions) and experiments targeting the atomic structure of amorphous
systems. The various disagreements found on various quantities can
be identified as belonging to two categories: to the first pertain those
due to limited statistical sampling while the second features differences
more profoundly related to the description of bonding and, possibly,
the impact of size effects. This calls for the use of modern data mining
techniques aimed at the construction of reliable interatomic potentials
opening the way to the consideration of much larger systems. Efforts
in this direction are currently in progress along the lines pioneered in
a recent paper [27].
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