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 A B S T R A C T

A generalized force-field of Born–Mayer type is proposed for sulfide crystals and glasses containing a network 
former (e.g. SiS2) and an alkali or alkaline earth sulfide modifier (e.g. Li2S or MgS). These systems which 
are analogous to the archetypal and popular alkali silicates have been rarely described in the literature 
from molecular simulations due to a lack of interaction potentials, although they have become tremendously 
attractive as superionic electrolytes in all-solid state batteries. The force-field also contains a harmonic 3-
body potential able to describe the role of bridging sulfur atoms between Group III (Al), Group IV (Si,Ge) 
and Group V (P) polyhedra, and is needed in order to obtain a first sharp diffraction peak compatible with 
X-ray or neutron scattering experiments in the glassy state. The fitting procedure builds on a least square 
minimization of numerical data with respect to crystallographic positions of crystalline phases together with a 
minimization of the spread between computed and experimental scattering functions in the glassy state. Results 
indicate an excellent reproduction of structural properties of the latter, and additional analysis reveals the usual 
features encountered in alkali silicates: progressive depolymerization of the base network, distribution of 𝑄𝑛

species with changing composition, breakdown of the ring structure. Atomic scale results in the glassy state 
for unreported alkaline earth thiosilicate and thiogermanate glasses suggest the similar role played by Mg, Ca 
or Ba with respect to alkali counterparts (Li, Na). The force field being able to reproduce realistic structures 
for a variety of sulfide glasses, it opens new avenues to tackle from classical molecular dynamics simulation 
mechanical, dynamic and electric properties of disordered sulfide electrolytes in the context of all solid state 
battery applications, together with properties arising from interfaces such as glass ceramics or features from 
crystallization.
1. Introduction

Fast ion batteries have attracted a broad attention because of their 
intensive use in mobile phones, electric bikes, scooters, larger vehi-
cles [1,2]. These setups consist of an alkali-based (usually Li) oxide 
cathode together with an electrolyte that ensures conduction during 
charge and discharge cycling. As they represent a safety hazard be-
cause of the presence of flammable polymeric liquid electrolytes and 
the possibility of electrical shortcuts with the growth of Li dendrites 
connecting the two electrodes, there have been successful attempts to 
introduce solid electrolytes instead [3] such as the popular Li10GeP2S12
(LGPS [4]) system. Among such solid materials, amorphous or glassy 
electrolytes [5] are also considered as promising candidates for battery 
applications because of the possibility to alloy a number of components 
into base materials which permits to continuously improve crucial 
properties such as ionic conduction or mechanical properties [6] at the 
electrode–electrolyte interface. The other reason of interest is the im-
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portant conductivity level (10−3 Ω−1 cm−1) which can now be achieved 
in highly depolymerized sulfide glasses such as SiS2–2Li2S [7,8] or 
P2S5–3Li2S, the latter having inspired a large number of studies because 
of its important level of conductivity [9–12]. The interest in modified 
sulfide glasses containing a network former such as SiS2 or GeS2 and 
an alkali or alkaline earth sulfide termed as ‘modifier’ (e.g. Na2S or 
Li2S) has, therefore, increased in the very recent years. There are many 
reasons for this increased interest which is of basic and applied nature. 
First, with the presence of the more polarizable sulfur atom and a re-
duced electronegativity difference between atomic species, one expects 
to have different bonding features and physico-chemical properties 
with respect to the archetypal oxide counterparts such as e.g. silicates 
or borates. These manifest in profound differences of network topology: 
rings, tetrahedral connections, chemical defects, angular distributions 
etc. Secondly, the increased polarization is thought to increase the ionic 
conductivity in sulfide glasses and this has been acknowledged by a 
certain number of studies over the past decades [8]. 
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1.1. Atomic simulations of sulfides : lack of interaction potentials

Computational techniques using ab initio (density functional theory 
(DFT) based) or classical molecular dynamics (MD) simulations are 
insightful and permit to establish relationships between such physico-
chemical features and the atomic scale properties averaged in appropri-
ate statistical ensembles. When compared to the corresponding oxides 
and the huge database of simulations on e.g. silicates [13], sulfide 
glasses and liquids have received only a limited attention due in part 
to the difficulty in treating correctly the covalent bond linked with the 
reduced charge separation. This induces a certain number of unique 
structural properties typical of chalcogenide network formers such as 
Ge–Ge or S–S homopolar defects or edge-sharing (ES) tetrahedra. Early 
efforts have been achieved from classical modeling [14–16] but led to 
spurious results in terms of coordination numbers with e.g. five-fold Si 
atoms or a rather poor reproduction of experimental structure functions 
accessed from diffraction (pair correlation function 𝑔(𝑟), structure factor 
𝑆(𝑘)). Recent scattering experiments (X-ray [7,17,18] or neutron [19,
20]) on various compositions of e.g. thiosilicate glasses have actually 
completely ruled out certain of these reported force fields. Efforts on 
chalcogenide network formers have not been more successful [21,22]. 
The classical simulation of chalcogenide network formers such as GeS2, 
As2Se3 or GeSe2, therefore, remains a challenging task because of the 
presence of these specific structural features and needs most of the 
time a full electronic account of the chemical bonding via ab initio
descriptions [23–29]. DFT, however, has its own limitations in terms 
of time (100’s of picoseconds) and systems size (100’s of atoms) which 
prevents from extensive investigations of the ion dynamics at low 
temperature. Because of the growing interest in sulfides, and because 
there is need to consider larger systems on longer simulation time in 
order to access e.g. mechanical or electric properties with the goal 
of battery applications, it becomes mandatory to establish classical 
force-fields for the description of modified chalcogenides containing 
conducting ions. Classical models have emerged in the recent years on 
sulfide glasses, and these include SiS2 – Na2S [30,31], SiS2 – Li2S [32], 
P2S5 – Li2S [33], P2S5 – Li2S – LiI [34] or SiS2 – Li2S – Li2S – LiI [35], 
such studies being validated by a growing database from scattering 
experiments [11,12,17,18,30].

More and more numerical force fields have also been proposed from 
machine learning (ML) techniques for crystalline and amorphous sul-
fides (e.g. Ref. [36] and [37] for a review). These appear as alternative 
and promising methods to ab initio and classical MD simulations, and 
will certainly lead to more efficient calculations with respect to the 
former in close future, although certain DFT benchmarks are often 
needed to establish ML potentials which not always reproduce the 
experimental structure as exemplified in recent studies on the popular 
lithium thiophosphate and thiosilicate systems [36,38]. In this respect, 
when they can be accurately fitted, classical MD force fields offer the 
most optimal balance between computational efficiency and the full 
control or insight of the physical basis of interatomic interactions.

1.2. Specific features regarding modified sulfides

A conventional way to quantify the short-range order (SRO) in 
modified glasses uses distributions of so-called Q𝑛-units where 𝑛 rep-
resents the number of bridging atoms, oxygen (BO) or sulfur (BS), 
connecting two polyhedra together (Fig.  1a). The characterization of 
SRO is here similar to oxides and sulfides and uses essentially spectro-
scopic signatures (nuclear magnetic resonance (NMR) or Raman [8]) 
to identify specific frequencies or chemical shifts in glasses from crys-
talline counterparts since the structure of the latter usually contains 
only a single 𝑄𝑛 species, e.g. 100 % 𝑄3 in crystalline Na2Ge2S5 (33 % 
modifier) or 100 % Q0 in Li4SiS4 (66 % modifier). This leads to well-
defined spectroscopic signatures which serve to decode corresponding 
spectra in glasses, and lead in most of the cases to a distribution of 
𝑄𝑛 species [8,39,40]. The other common feature is the progressive 
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Fig. 1. (a) Typical 𝑄𝑛 species found in e.g. sodium modified silicates and 
thiosilicates, ranging from Q4 the base tetrahedra of silica or SiS2 to 𝑄0 found 
in crystalline orthosilicates (Na4SiO4). (b) Typical connections found only in 
modified sulfide glasses : corner-sharing (CS) and edge-sharing (ES) tetrahedra 
which lead to three distinct topologies : E0, 𝐸1 and 𝐸2 where the superscript 
refers to the number of ES connections for a central tetrahedra.

depolymerization of the base network upon modifier addition so that 
the number of bridging atoms decreases with modified content, and the 
average 𝑛 decreases down to zero (𝑄0) for extremely depolymerized 
glasses. Such features are common to modified oxides, sulfides and 
selenides [8].

A certain number of other structural features are specific to chalco-
genides (S,Se, and Te-based) among which, the tendency to form ES 
tetrahedral motifs (Fig.  1b). The best known example is the sulfide 
counterpart of silica, SiS2, which has a crystalline structure made of 
infinite chains of ES tetrahedra [8], i.e. quite different in terms of 
network topology from the 3D corner-sharing (CS) tetrahedral structure 
of quartz, coesite or tridymite in the oxide counterpart. This situation 
is also met in GeS2[41] or B2S3, the latter having a structure made 
of borosulfol rings [42] (the sulfide analogue of boroxol rings [43] in 
B2O3) and edge-sharing triangles BS3∕2. Early NMR work on thiosili-
cates has shown that the spectra are essentially dominated by three 
resonances associated with three possibles motifs or topologies [8,9,
44–47] (Fig.  1b): a first one (𝐸0) containing no ES at all, a second one 
(𝐸1) having only a single edge shared tetrahedra with its neighbor, 
and a third one (E2) containing two ES connections for a central 
tetrahedra. As for the 𝑄𝑛 population, the statistics of such 𝐸𝑘 motifs 
evolves with modifier composition [8,48] and with its increase there is 
a general tendency of a double 𝐸2 → 𝐸1, and 𝐸1 → 𝐸0 conversion as 
acknowledged from specific NMR signatures.

Simulations must take into account such structural features typical 
of sulfides, and dedicated force-fields must among other results be able 
to obtain the correct fraction of ES structures and their signature in 
correlation functions which manifests by a prepeak in e.g. Si–Si or Ge–
Ge pair correlation functions, as also detected from isotopic substituted 
neutron scattering [49,50] or from ab initio simulations [51,52] when 
such information on partial correlations is available.

1.3. Purpose of the contribution

In the present contribution, we build on a recent effort [32] regard-
ing a promising electrolyte (SiS2–Li2S) and generalize the approach to 
a variety of binary systems containing a sulfide network former (SiS , 
2
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GeS2, P2S5, Al2S3) and an alkali (M2S) or alkaline earth (MS) modi-
fier. We restrict ourselves to systems having some interest in battery 
applications, i.e. we will consider only glasses with light modifiers 
such as M=Li, Na, Mg or Ca, and will disregard elements such as K, 
Cs or Sr, while also targeting during the first part of this article on 
modifier-rich compositions and highly depolymerized networks which 
lead to conductivity levels interesting for applications.  The choice to 
investigate such glass systems and compositions is essentially driven 
by two reasons. First, unlike crystalline sulfides (such as the popular 
LGPS with 𝜎 ≃10−3 Ω−1 cm−1), the present investigated glasses ex-
hibit such elevated conductivities only in select cases, and only for a 
modifier content in the range 50–75 %. For instance, 34SiS2–66Li2S, 
and 25P2S5–75Li2S glasses meet this range of conductivities [44,53,54] 
as already stressed above. While it is known that Li-based glasses 
appear more promising for battery applications, Na-based crystalline 
electrolytes have now also become attractive [55] although Na-based 
glasses display a somewhat more reduced conductivity with respect 
to the Li counterparts [56]. Alkaline-earth (e.g. Mg-based) have been 
rarely considered but might also be attractive. The second motivation 
of the choice in compositions and systems is driven by the presence of 
experimental scattering functions at select compositions which permit 
to validate our model structures.

We fit a generalized self-consistent force field containing 2-body 
and select 3-body interactions able to successfully model the structural 
properties of sulfide glasses and crystals. Numerical approaches usually 
assume that atomic forces in crystals and corresponding glasses must 
be of the same order of magnitude so that a force field able to capture 
the salient atomic features in the crystalline structure should be able 
to describe the liquid and the glassy phase as well. Such investigations 
have been performed in corresponding oxides and especially silicates or 
silica [57–59]. This permits to fit force fields from a series of crystals 
and from mechanical observables such as bulk and shear modulus, the 
latter providing some information on the potential energy curvature. In 
contrast to oxides however, mechanical observables of sulfide systems 
have been rarely reported in the literature (see however Ref. [60]).

Here we fit empirically the crystal structure data of a variety of 
these binary sulfide systems within the General Utility Lattice Pro-
gram (GULP) [61–63], in conjunction with (i) a relaxation technique 
and a vibrational eigenmode calculation that permits to select among 
fitted parameters those which lead to stable crystalline structures at 
ambient temperature, and (ii) a convergence criteria which permits 
to reproduce the experimental functions of corresponding glasses. The 
approach if fully in line with the one initiated by Pedone and co-
workers for multicomponent silicates [57], and the need of interaction 
refinement for oxides [64,65] (i.e. 3-body forces) seems to apply as 
well in sulfide glasses, probably in an even more crucial fashion. The 
obtained structures and thermal results in both glasses and crystals are 
discussed and compared with measurements obtained from scattering 
and diffraction experiments. This permits to validate the parameters 
when both structure factor 𝑆(𝑘) and pair correlation function 𝑔(𝑟) are 
reproduced with a reasonable accuracy. We then provide in a second 
part different structural descriptions of the investigated glasses, and put 
them into perspective.

2. Methodology

2.1. General framework

Within the GULP framework [63], force-fields are fitted with respect 
to a certain number of observables among which experimental crystal-
lographic data such as atomic positions, density or lattice parameters. 
In order to model modified sulfide network glasses, we use the Born–
Mayer (BM or Buckingham) potential that contains a strong repulsive 
interaction at short distances, a Coulomb interaction, and a long-range 
attractive dispersive interaction for an atomic pair 𝑖 − −𝑗 : 

𝑉 (𝑟) = 𝐴 𝑒−𝑟∕𝜌𝑖𝑗 +
𝑞𝑖𝑞𝑗 −

𝐶𝑖𝑗 , (1)
𝑖𝑗 𝑖𝑗 𝑟 𝑟6

3 
together with a three-body interaction for select network species (A,S) 
with A=Si, Ge, P, Al. 
𝑉3(𝜃) = 𝑘𝑏(𝜃 − 𝜃0)2 (2)

with a cut-off for 𝑉3 given by the minimum of the A-S correlation 
(typically 2.7 Å). The usefulness of an interaction constraining the 
angles being part of the network structure has been recently empha-
sized [64,65], and for the specific case of sulfides, the addition of 
Eq. (2) is of special importance if one wants to reproduce one of 
the salient characteristics which is the presence of both CS and ES 
polyhedral connections (in contrast to oxides), as will be discussed 
below. The presence of such mixed connections leads to bimodal bond 
angle distributions (e.g. Ge–S–Ge) in network formers [28,51] which 
cannot be obtained from a simple 2-body interaction such as the one 
proposed in Eq. (1). In all considered systems, and materials, we will 
use both Eqs. (1) and (2) termed as the BM3PM model hereafter. 
The used model is rather standard in the field of glass modeling, and 
bears all the advantages of a ‘‘traditional’’ force-field : obvious physical 
insight, control of the different terms appearing in Eqs. (1), and (2), 
easy implementation in simulation codes, etc. As a matter of fact, it 
has been parametrized for a variety of glasses such as e.g. the analogue 
silicate systems (Teter potential [66]), silica (Tsuneyuki potential [59]) 
or germania (Oeffner–Elliott potential [58]). The interest of developing 
such force-fields is also linked with the possibility to model crystal–
glass (ceramics) or crystal–liquid interfaces, the latter allowing for a 
possible investigation of crystallization effects. We have verified that 
for select systems such interfaces were stable. At this stage however, 
and since the scope of our contribution is already quite broad, we will 
focus on crystal and glass phases separately. 

In order to adjust the parameters of Eqs. (1) and (2), we proceed 
in two steps and ways (Fig.  2). Firstly, for each system, we identify 
the relevant and known crystalline polymorphs with reported crystal-
lographic data. We then follow the GULP fitting procedure [63] which 
minimizes a weight function 

𝐹 =
𝑀
∑

𝑖=𝑘

(

𝐶𝑐𝑎𝑙𝑐 (𝑘) − 𝐶𝑜𝑏𝑠(𝑘)
)2

(3)

with 𝑀 observables, 𝐶𝑜𝑏𝑠(𝑘) being the atomic coordinates of the crys-
talline elementary cell and the forces set to zero. The fitting procedure, 
i.e. the variation of the potential parameters so as to get the positions 
with zero forces, stops when the energy gradient becomes lower than a 
certain value (typically 0.01 a.u.). In the GULP approach, this default 
strategy can be improved by adding other observables such as high-
frequency or static dielectric constants, elastic constants or bulk moduli 
which represent second derivatives of the energy. However, while such 
data are abundant in crystalline silicates [57], we are not aware of 
such mechanical or optical observables in corresponding crystalline 
sulfides so that one cannot rely on such additional observables to 
constrain the curvature of the energy surface. In addition, in order 
to take into account the fact that the fitting is performed at finite 
temperature, thermal forces are explicitly included in the GULP code 
by means of a Gibbs free energy minimization [61], rather than an 
energy minimization. This technique termed as ‘‘relaxed fitting ’’ leads 
to a slight change in atomic positions.

We constrain the minimization process (3) by performing in addi-
tion a calculation of the 3𝑁 vibrational eigenmodes 𝜔𝑖 of the structure 
that are determined [67] from the eigenvalues of the dynamical matrix: 

𝐷𝑖𝛼𝑗𝛽 = 1
√

𝑚𝑖𝑚𝑗

∑

𝑅

𝜕2𝑉
𝜕𝛼𝜕𝛽

𝑒𝑖𝑘(𝑟𝑖𝑗+𝑅) (4)

where the sum runs over the relative position change 𝑅 of distance 
𝑟𝑖𝑗 under the influence of a vibration. We require that most (if not 
all) vibrational modes satisfy 𝜔𝑖 > 0 in order to have energy second 
derivatives with respect to positions (i.e. the force constant matrix) 
positive. This leads to stable (phonon) vibrations. The lowest three 
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Fig. 2. Fitting procedure for sulfide crystals and glasses. It builds on a GULP 
fitting for crystalline polymorphs and a minimization of a goodness-of-fit 
parameter 𝑅𝑋 for the glassy state when comparing to experimental structure 
functions (𝑔(𝑟) and 𝑆(𝑘)).

modes are zero at the center of the Brillouin zone (𝛤  point), and these 
correspond to the pure translation of the crystal lattice, identified with 
the acoustic branch.

Secondly, we verify that the chosen set of parameters also reproduce 
structural features of glasses, that is, experimental pair correlation 
functions 𝑔(𝑟) and neutron or X-ray structure factors 𝑆𝑖(𝑘) given by : 

𝑆𝑖(𝑘) = ⟨𝑓𝑖⟩
−2

∑

𝑛,𝑚
𝑐𝑛𝑐𝑚𝑓

𝑖
𝑛(𝑘)𝑓

𝑖
𝑚(𝑘)𝑆𝑛𝑚(𝑘) (5)

with : 

⟨𝑓𝑖⟩ =
∑

𝑛
𝑐𝑛𝑓

𝑖
𝑛(𝑘) (6)

and 𝑆𝑛𝑚(𝑘) are the Faber–Ziman partial structure factors. Here, the 
𝑓 𝑖
𝑛(𝑘) represent either the atomic form factors (𝑖=X) or the neutron 
scattering lengths (𝑖=N), and 𝑐𝑛 represents the species concentration. 
For X-ray scattering, the atomic form factors are usually approximated 
as 𝑓𝑋

𝑛 (𝑘) ≈ 𝑓𝑋
𝑛  = 𝑍𝑛 (𝑓𝑋

𝑆𝑖 = 14, 𝑓𝑋
𝑆  = 16, etc.). In order to reach 

an increased accuracy, we will take into account the 𝑘-dependence of 
the atomic form factors using a method described in the following. 
Neutron diffraction require the neutron scattering lengths [68] that 
are tabulated: 𝑓𝑁

𝑛 (𝑘) = 𝑓𝑁
𝑛  (e.g. 𝑓𝑁

𝑆𝑖 = 4.149 fm, 𝑓𝑁
𝑆  = 2.847 fm, 

𝑓𝐿𝑖 = −1.900 fm, etc.). Partial correlations in reciprocal space in Eq. (5) 
are obtained from a Fourier transform of the calculated partial pair 
correlation functions 𝑔𝑛𝑚(𝑟) : 

𝑆𝑛𝑚(𝑘) = 1 + 𝑛0
∞
4𝜋𝑟2

[

𝑔𝑛𝑚(𝑟) − 1
]

𝑠𝑖𝑛(𝑘𝑟)
𝑑𝑟 (7)
∫0 𝑘𝑟
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Table 1
2-body Born–Mayer parameters of the BM3PM model (Eq. (1)) that describe 
different sulfide crystals and glasses. Coulombic charges appear in superscripts 
of corresponding elements.
 Atom 𝑖 Atom 𝑗 𝐴𝑖𝑗 𝜌𝑖𝑗 𝐶𝑖𝑗  
 (kcal mol−1) (Å) (kcal Å−6 mol−1) 
 S−1.2 S−1.2 991603 0.284 692  
 Si2.4 S−1.2 3459081 0.178 1150  
 Ge2.4 S−1.2 4612108 0.178  
 Al1.8 S−1.2 4150897 0.178  
 P3.0 S−1.2 714877 0.200  
 Si2.4 Li0.6 345908 0.300 25367  
 Ge2.4 Li0.6 553453 0.300 34591  
 Al1.8 Na0.6 691816 0.300 27673  
 P3.0 Li0.6 484271 0.300 31132  
 Si2.4 Na0.6 876301 0.300 23061  
 Ge2.4 Na0.6 253666 0.300 16140  
 P3.0 Na0.6 807119 0.300 13840  
 Si2.4 Mg1.2 691816 0.300 34591  
 Ge2.4 Mg1.2 830180 0.300 39203  
 Si2.4 Ca1.2 345908 0.300 25367  
 Ge2.4 Ca1.2 392029 0.300 27673  
 Si2.4 Ba1.2 1844840 0.300 57651  
 Ge2.4 Ba1.2 2767265 0.300 80712  
 Li0.6 S−1.2 1153030 0.200 461  
 Na0.6 S−1.2 5073319 0.200 2306  
 Mg1.2 S−1.2 1153030 0.200 346  
 Ca1.2 S−1.2 4612108 0.200 231  
 Ba1.2 S−1.2 64569517 0.200 9224  
 Li0.6 Li0.6 46 1.000  
 Na0.6 Na0.6 46 1.000  
 Si2.4 Si2.4 3459081 0.200 7610  
 Ge2.4 Ge2.4 5995741 0.200 8071  
 Al1.8 Al1.8 2767265 0.200 4612  
 P3.0 P3.0 691816 0.350 115300  

where 𝑛0 is the system density (in Å−3). Using amorphous structures 
obtained after a melt-quench procedure from molecular dynamics sim-
ulations of the targeted systems (see methods below), we minimize over 
the same 𝑘 range for all systems (0.6 Å−1 ≤ 𝑘 ≤ 12.0 Å−1) a goodness-of-
fit (Wright) parameter [69] that builds on a direct comparison between 
experimental and simulated data. 

𝑅𝑋 =

(
∑

𝑖

[

𝑆𝑒𝑥𝑝(𝑘𝑖) − 𝑆𝑐𝑎𝑙𝑐 (𝑘𝑖)
]2

∑

𝑖 𝑆2
𝑒𝑥𝑝(𝑘𝑖)

)1∕2

(8)

The fit stops as 𝑅𝑋 does not evolve any more with incremental param-
eter change, and when the 𝑅𝑋 variation becomes less than 0.001%. A 
final constraint selects parameters which lead to a near zero pressure 
at the glass density. We have applied this methodology to SiS2 – Li2S, 
SiS2 – Na2S, GeS2 – Li2S, GeS2 – Na2S, P2S5 – Li2S, P2S5 – Na2S 
glasses, in combination with the GULP approach applied to crys-
talline e-Li2SiS3, m-Li2SiS3, HT-Li4SiS4, LT-Li4SiS4, 𝛼-Na2SiS3, Na4SiS4, 
Na2Si2S5, Mg2SiS4, Ca2SiS4, Ba2SiS4, Ba3SiS5, Li2GeS3, Li4GeS4,
Na2Ge2S5, Na2GeS3, Na6Ge2S7, Na4SiS4, Mg2GeS4, Ca2GeS4, BaGe2S5, 
Ba3GeS5, Ba2GeS4, BaGeS3, 𝛽-Li3PS4, 𝛾-Li3PS4, Li7P3S11, Li2P2S6.

This dual approach (GULP for crystals and 𝑅𝑋 for glasses) leads to a 
satisfying convergence of the parameters of the BM3PM model, and also 
permits to improve the recent force-field proposed for Li2S-SiS2[32], 
and the force-fields proposed in the literature [30,34,70]. For other 
systems for which X-ray or neutron scattering data in the glassy state 
are unavailable, we have restricted our fitting procedure to the GULP 
approach to get the parameters of the BM3PM model. These include: 
SiS2 – MgS, SiS2 – CaS, SiS2 – BaS, GeS2 – MgS, GeS2 – CaS, GeS2 – BaS, 
Al2S3 – Li2S, Al2S3 – Na2S. All obtained parameters are given in Tables 
1 and 2.

A final comment deals with the calculation of the pair correlation 
function. Due to the limited momentum transfer range accessible ex-
perimentally in scattering experiments (𝑘 < 𝑘 ), and in order to 
𝑚𝑎𝑥
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Table 2
3-body harmonic potential (Eq. (2)) of the BM3PM model that describes 
different sulfide crystals and glasses.
 Triplet 𝑖-𝑗-𝑘 𝑘𝑏 (eV.deg−2) 𝜃0  
 Si – S – Si 0.8 0.0  
 Ge – S – Ge 0.9 0.0  
 Al – S – Al 0.7 0.0  
 P – S – P 1.0 0.0  
 S – Si – S 1.6 107.0 
 S – Ge – S 1.8 107.0 
 S – P – S 1.0 107.0 
 S – Al – S 1.4 107.0 

be consistent with the experimental methodology, the functions 𝑆𝑋 (𝑘)
have been calculated with the implementation of a sinc kernel of 
the form 𝑠𝑖𝑛(𝑘𝑚𝑎𝑥𝑟)∕𝑘𝑚𝑎𝑥𝑟 that leads to typical ripples at very short 
distances in real space (below the first correlating distance, see be-
low). Alternative strategies [71,72] use a convolution by a normalized 
Gaussian distribution with a full-width at half maximum ∝ 𝑘−1𝑚𝑎𝑥, with 
maximum wavevector 𝑘𝑚𝑎𝑥 found between 12 and 40 Å−1. Here we 
chose to follow as closely as possible the experimental methodology 
which also induces typical ripples at short distances in the calculated 
𝑔(𝑟). In addition, we use for X-ray weighted functions momentum 
dependent form factors 𝑓𝑋

𝑛 (𝑘) as discussed next.

2.2. Effect of the energy dependence of the form factors

We remind that X-ray measurements in multi-component materials 
present unique challenges due to the complex dependency of atomic 
form factors on the momentum transfer 𝑘. Unlike neutron scattering, 
where the structure factor can be represented by a simple weighted 
sum of partial structure factors using constant parameters (i.e. neutron 
coherence lengths 𝑓𝑁

𝑛 ), X-ray 𝑆𝑋 (𝑘) lack an exact expression, as the 
𝑘-dependence of atomic scattering form factors 𝑓𝑋

𝑛  varies with mo-
mentum transfer. As the atomic form factor is basically the Fourier 
transform of the electron density around the nucleus, it represents the 
scattering amplitude of a wave of energy 𝑘⃗ by an atom of electronic 
density 𝜌(𝑟)[73]. 

𝑓𝑋
𝑛 (𝑘⃗) = ∫

∞

0
𝜌(𝑟)𝑒𝑖𝑘⃗.𝑟𝑑𝑟 (9)

where the vectorial dependence can be simplified due to the isotropic 
character of glasses, and this also means that the deformation of the 
electronic density around a bond between two atoms is usually ne-
glected. The basic and standard approximation uses 𝑘 = 0 which leads 
to 𝑓𝑋

𝑛 = 𝑍𝑛, and is known as the Warren–Krutter–Morningstar (WKM) 
approximation [74] in the literature, and widely used. However, this 
approximation has significant drawbacks, including potential inaccu-
racies and limitations in distinguishing structural subtleties, especially 
for materials containing both light and heavy elements. To fully address 
these issues, the calculations of the X-ray structure factor should ide-
ally incorporate form factors that account for the precise 𝑘-dependent 
variations in scattering behavior. Such an approach enables a more 
precise calculation of 𝑆𝑋 (𝑘) from structural models, especially in the 
context of a convergence process (Eq. (8)) for the establishment of a MD 
force-field, and an explicit expression of the atomic partial distribution 
function obtained by X-ray diffraction has been recently derived by 
Masson and Thomas [75]. Here, we implement the 𝑘-dependence of 
𝑓𝑋
𝑛  in the calculation of 𝑆𝑋 (𝑘) using a sum of Gaussians as proposed in 
the International Crystallography Table [76] which has been found to 
be particularly efficient up to 𝑘 = 25 Å−1 : 

𝑓𝑋
𝑛 (𝑘) ≈ 𝑐 +

4
∑

𝑗=1
𝑎𝑗𝑒

−𝑏𝑗
𝑘2

(4𝜋)2 (10)

where 𝑐, 𝑎𝑗 and 𝑏𝑗 are atomic species related coefficient given e.g. in 
Table  3 for the benchmark system 80GeS –20Li S used to characterize 
2 2
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Fig. 3. Variation as a function of 𝑘 of 80GeS2 – 20Li2S Faber–Ziman coeffi-
cients 𝑓𝑋

𝑛 (𝑘)𝑓𝑋
𝑚 (𝑘)𝑐𝑛𝑐𝑚 for select atomic pairs: S–S (red) and Ge–Ge (blue).

Table 3
Coefficients for the analytical approximation (Eq. (10) of (1 − 𝑥)GeS2 – 𝑥Li2S 
form factors.
 Atom 𝑎1 𝑎2 𝑎3 𝑎4 c mean error 
 𝑏1 𝑏2 𝑏3 𝑏4  
 Li 1.1282 0.7508 0.6175 0.4653 0.0377 0.001  
 3.9546 1.0524 85.3905 168.261  
 Ge 16.0816 6.3747 3.7068 3.683 2.1313 0.008  
 2.8509 0.2516 11.4468 54.7625  
 S 6.9053 5.20340 1.4379 1.5863 0.8669 0.002  
 1.4679 22.2151 0.2536 56.172  

the effect of the energy dependency of form factors. For the other 
reported systems of the paper, we used the {𝑎𝑗 , 𝑏𝑗 , 𝑐} values of the 
International Table of Crystallography [76]. The effect of Eq. (10) is 
exemplified for the case of Ge-S-Li systems, and Fig.  3 represents the 
Faber–Ziman weights for selected pairs (Ge–Ge and S–S) which indicate 
that variations in 𝑓𝑋

𝑛  can contribute, and modify the overall evaluation 
of the total function 𝑆𝑋 (𝑘). 

This explicit dependence (10) leads to an increased agreement of 
the calculated structure factor 𝑆𝑋 (𝑘) when compared to experiments, 
and this appears to be particularly visible when both heavy (e.g. Ge) 
and light (e.g. Li) elements are present. Fig.  4 shows the comparison 
of 𝑆𝑋 (𝑘) for the benchmark system 80GeS2 – 20Li2S which clearly 
suggests that an explicit account of the 𝑘-dependence of the form 
factors leads to an improved reproduction of the entire experimental 
diffraction pattern, and this is especially visible in the 0–6 Å−1 range.

For the sake of consistency, we will, therefore, compute all X-ray 
structure factors with the explicit 𝑘-dependence of 𝑓𝑋

𝑛  used in Eq. (10). 
It should be noted that we do not account for the deformation of 
the electronic cloud around a covalent bond, which can be approxi-
mated using spherical harmonics [76]. However, given the extremely 
satisfying accuracy of the Gaussian approximation (Eq. (10)) in the 
reproduction of the upcoming structure factors for various glasses, we 
will disregard this issue.

2.3. Molecular dynamics

Molecular dynamics of crystals, liquids and glasses have been al-
ways, unless specified, performed on different system sizes, depending 
on the size of corresponding elementary crystalline cells which have 
been duplicated (usually 4–5 times in each direction) in order to reach 
sizes of about 2000≤ 𝑁 ≤ 5000, prior to a melting at high temperature, 
and a quench to the glassy state. The Coulombic part of the interaction 
potential has been treated with the Ewald sum.
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Fig. 4. Calculated structure factor 𝑆𝑋 (𝑘) of a mass-contrasted material (80 
GeS2 – Li2S) using the WKM approximation (i.e. constant 𝑓𝑋

𝑛 , broken orange 
curve) and the Gaussian approximation (red) of the form factors 𝑓𝑋

𝑛  using Eq. 
(10). Calculated curves are compared to the XRD experiment (black [17]).

These initial configurations have been mostly considered in NPT 
Ensemble with a Verlet algorithm (timestep 𝛥𝑡=1 fs) for the integration 
of the equation of motion at low temperature (100 K) in the crystalline 
state, in order to verify the stability and crystallographic data, to be 
compared with experiments. In select cases, we have also performed 
runs in NVT ensemble in order to quantify the presence of residual 
pressures at ambient conditions. For the liquid and glassy state, we have 
first performed a high temperature run in NPT at 2000 K for 100 ps in 
order to melt the crystalline alloys of the desired composition, prior to a 
quench to 300 K at a cooling rate of 1 K/ps and zero pressure. Resulting 
densities (𝜌0, 𝜂0) have been accumulated in order to be compared to 
experimental glass densities. Additional liquids, and glasses have been 
created by a random substitution of species in order to meet the desired 
composition, e.g. once the crystalline Li2SiS3 melted and quenched to 
the 50SiS2 – 50Li2S glass, we have substituted atoms in order to start 
40SiS2 – 60Li2S, etc. After thermalization, statistical analysis of all 
glasses (structure) has been performed in NVT over 100 ps.

3. Results

We now consider each investigated system, review some basic 
knowledge, and discuss the relevance of the BM3PM model with respect 
to experimental measurements.

3.1. SiS2-Na2S glasses and crystals

The (100-𝑥)SiS2 – 𝑥Na2S system can form glasses [44,48] over the 
range 10 % ≤ x ≤ 70 %, and has five identified crystalline poly-
morphs that we describe together with our obtained results for select 
polymorphs.

3.1.1. Crystalline phases
Crystalline phases of this binary include Na2Si2S5 (𝑥=33 % Na2, 

dithiosilicate), 𝛼-Na2SiS3 (50 %, metathiosilicate), 𝛽-Na2SiS3, Na6Si2S6
(pseudo-pyrothiosilicate) and Na4SiS4 (66 %, orthothiosilicate). The 
low alkali-content crystalline form (Na2Si2S5) is thought to be iso-
morphic [77,78] of the Ge analogue crystal (Na2Ge2S5). Formed in 
orthorhombic symmetry, it is supposed to be made of a periodic repli-
cation of an adamatane-like Si4S4⊖10  unit [79] with two crystallograph-
ically inequivalent Q3 species [46] (Fig.  5 right). The low temperature 
𝛼-Na2SiS3 crystallizes in a monoclinic lattice [80] (space group P21/c) 
with unit cell 𝑎 = 6.61 Å, 𝑏 = 15.16 Å, 𝑐 = 5.73 Å, 𝛽=110.26◦. Its 
structure consists in SiS  tetrahedra sharing two corners via bridging 
4∕2

6 
Table 4
Experimental cell parameters, system density (𝑛0, 𝜌0) and main distances 
of different sodium thiosilicate crystals, compared to the present calculated 
values from the BM3PM model in NPT Ensemble at zero pressure, and 100 K. 
The number 𝑁 of particles is indicated for each compound. The range of 
interatomic distances is related to the neighbor rank between species of the 
unit cell, e.g. S–Na(1), S–Na(2), etc.
 Expt. Model  
 Na2Si2S5 Cmcm 𝑁=4608  
 𝑎 (Å) 12.68 [77] 12.76  
 𝑏 (Å) 12.72 [77] 12.80  
 𝑐 (Å) 10.35 [77] 10.41  
 𝑛0 (Å−3) 0.043 [77] 0.042  
 𝜌0 (g cm−3) 2.09 [77] 2.05  
 𝑑𝑆𝑖−𝑆 (Å) 2.05–2.13 [78] 2.15  
 𝑑𝑁𝑎−𝑆 (Å) 2.83–2.93 [78] 2.90  
 𝛼-Na2SiS3 P21/c 𝑁=3000  
 𝑎 (Å) 6.61 [80] 6.55  
 𝑏 (Å) 15.16 [80] 15.02  
 𝑐 (Å) 5.73 [80] 5.60  
 𝑛0 (Å−3) 0.045 [80] 0.046  
 𝜌0 (g cm−3) 2.10 [80] 2.16  
 𝑑𝑆𝑖−𝑆 (Å) 2.14 [80] 2.10  
 𝑑𝑁𝑎−𝑆 (Å) 2.70–3.06 [80] 2.79  
 Na4SiS4 P212121 𝑁=3240  
 𝑎 (Å) 13.68 [84] 13.95  
 𝑏 (Å) 8.78 [84] 8.96  
 𝑐 (Å) 6.89 [84] 7.03  
 𝑛0 (Å−3) 0.043 [84] 0.042  
 𝜌0 (g cm−3) 1.99 [84] 1.89  
 𝑑𝑆𝑖−𝑆 (Å) 2.01–2.15 [84] 1.99–2.15 
 𝑑𝑁𝑎−𝑆 (Å) 2.63–2.96 [84] 2.63–3.11 

sulfur (BS) atoms, isostructural [80] to Na2GeS3 whose crystallographic 
data have been solved [80]. The two other sulfur atoms of the cell 
are NBS atoms so that the general structure is thought to be made of 
100 % 𝑄2 in 𝐸0 configuration (Fig.  1b). Conversely, the (metastable) 
high temperature form 𝛽-Na2SiS3 is proposed to be made of edge-
sharing tetrahedral species Na4Si2S6 which are also observed in the 
Ge counterpart [81] or in the lithium thiosilicate high temperature 
phase [82] Li2SiS3. We are not aware of the crystallographic data 
(exact atomic positions in the unit cell) as the structure has been 
only inferred from NMR measurements [46]. Lastly, the Na4SiS4 phase 
crystallizes [83,84] in an orthorhombic space group (P212121, Fig.  5 
left) with cell parameters given in Table  4. The structure is made of iso-
lated Q0 tetrahedra in combination with Na found in 5+1 coordination 
and defect octahedral geometries [84] (see also Fig.  5a). The pseudo-
pyrothiosilicate [85,86] Na6Si2S6 is formed at high Na concentration 
and contains a homopolar Si–Si bond but while thermal results have 
been reported, its crystallographic positions are unknown.

Once the fitting procedure is applied, we find the force-field pa-
rameters for the sodium thiosilicate system (Table  1). These lead to 
a correct reproduction of the crystallographic data for the three con-
sidered crystals. The BM3PM model leads to stable structures with 
cell parameters that slightly increase in Na2Si2S5 (e.g. 𝑎=12.76 Å, see 
Table  1) with respect to reported experimental data [77] (12.68 Å). 
Note that the proposed adamatane-like Si4S4⊖10  unit for Na2Si2S5 is only 
tentative [77,78] so that the starting crystallographic data on which we 
have applied the force field might not correspond to the true structure 
of sodium dithiosilicate and might need some additional experimental 
refinement, although the force-field maintains this molecular grouping 
during the NPT simulation (Fig.  5 right). At zero pressure in NPT 
Ensemble, the densities and cell parameters for the two high Na content 
polymorphs are found to be either slightly larger (e.g. 𝑛0=0.046 Å−3 in 
𝛼-Na2SiS3) than the experimental counterparts [78] (e.g. 𝑛0=0.045 Å−3) 
or smaller as in Na4SiS4 (see also Fig.  7). Typical calculated bond-
ing distances are recovered, i.e. we find for the maximum of the 
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Fig. 5. 2D view of the simulation box after 100 ps trajectory in NPT at 100 K and zero pressure of the Na4SiS4 in (𝑎, 𝑐) direction (left) and the Na2Si2S5 crystalline 
phases in (𝑎, 𝑏) direction (right). Note that the simulation maintains in the latter the proposed adamatane-like Si4S4⊖10  unit [79]. Sulfur, Silicon and Sodium are 
colored in yellow, red, and blue, respectively.
principal peak in the 𝑔(𝑟) function a distance 𝑑𝑆𝑖−𝑆=2.05 Å (experi-
mentally [84] 2.01–2.15 Å in Na4SiS4, depending on the neighbor rank, 
i.e. Si(1)–S(1), Si(1)–S(2), etc.).

3.1.2. Sodium thiosilicate glasses
The force-field is able to reproduce the main structural features in 

the glassy state in reciprocal and real space as we obtain for two select 
compositions (50:50 and 66:34) a calculated X-ray weighted structure 
factor 𝑆𝑋 (𝑘) that is in excellent agreement with corresponding experi-
mental measurements [30,87], and leads to Wright parameters 𝑅𝑋 that 
are exceptionally low (0.20–0.26%). Fig.  6a showcases the results of the 
interaction potential which is able to reproduce the position, amplitude 
and width of the principal peaks of 𝑆𝑋 (𝑘), observed at 2.3 Å−1, 4.0 Å−1

and the first sharp diffraction peak measured at 1.2 Å−1. Eqs. (1) 
and (2) provide, indeed, a description of reciprocal space properties 
that are, by far, improved with respect to previous simulations on 
the same system (Fig.  6c): an ab initio simulation [30] (black curve), 
and a classical 2-body BM potential of the same form as Eq. (1) with 
different parameters (𝐴𝑖𝑗 , 𝜌𝑖𝑗 , 𝐶𝑖𝑗) that have been ‘‘improved’’ from an 
initial parametrization [30] but with an obvious limited success [31] 
(green curve). The low-𝑘 peaks representing the medium-range order 
exhibit, indeed, a clear shift with respect to experiments for these 
previous simulation results, the FSDP being poorly reproduced, or even 
absent in the ab initio simulation [30]. Noteworthy is the fact that 
recent DFT simulations [87] using a plane wave basis and an exchange 
correlation functional suited for network-forming sulfides have led to a 
very good reproduction of the structure factor 𝑆𝑋 (𝑘), of the same level 
of agreement as the present classical force-field. An estimation of the 
Wright parameter (Eq. (8)) 𝑅𝑋 over the range 0.6 Å−1 ≤ 𝑘 ≤12.0 Å−1

for the three simulations of the NS glass (Fig.  6c) leads to 𝑅𝑋=1.22% 
(ab initio [30]), 1.35% (classical force field [31]) and 0.20% for the 
present work which confirms the quantitative improvement brought by 
the new set of parameters given in Tables  1 and 2.

With the increase of Na2S content (Fig.  6a), we note that the 
principal peak at 2.3 Å−1 broadens, and shifts to higher wavevector, 
and this is due to the growing contribution of the Na–S partial structure 
factor (not shown), this correlation contributing also to the intensity of 
the peak found at 3.70 Å−1.

In real space, we also obtain a very good reproduction of the ex-
perimental total pair correlation function [87] (Fig.  8) which contains 
a principal peak at 2.11 Å corresponding to the Si-S bond distance 
(the apex of the SiS4∕2 tetrahedra) for all Na-based systems, and very 
close to the bond distance 𝑑  determined both experimentally and 
𝑆𝑖−𝑆
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numerically in crystals (Table  4). Additional peaks found at 3.61 Å 
and 2.81 Å are visible, and these correspond to S–S and Na–S bond 
distances, respectively that are clearly detected in the calculated partial 
correlation functions 𝑔𝑖𝑗 (𝑟) (Figs.  9c and e). The Si–Si partial (Fig.  9a) 
contains features revealing ES connections with a typical peak found 
at 3.0 Å that corresponds to the Si–Si correlating distance involved in 
4-membered rings (Fig.  1b), different from the CS correlating distance 
found at 3.64 Å. This represents a clear improvement with respect to 
previous force-fields [32] using only Eq. (1) as it led to a structure 
without ES units. The presence of the additional 3-body interaction ob-
viously forces, indeed, the atoms the adopt configurations with shorter 
Si–S–Si angles which induce the presence of cyclic structures (rings), as 
discussed below.

The distance 𝑑𝑆−𝑆 which defines the edge of the SiS4∕2 is deter-
mined at 3.61 Å (Fig.  9c) and is fully consistent with the distance 
of 3.65 Å which corresponds to the secondary principal peak of the 
total experimental [87] function 𝑔𝑋 (𝑟) (Fig.  8), the latter resulting from 
different partial contributions (S–S, Na–Na, Si–Na). The corresponding 
tetrahedral parameter [88] defined by 𝑑𝑆𝑖−𝑆∕𝑑𝑆−𝑆 is, indeed, found to 
be equal to 0.58, i.e. very close to the value for a perfect tetrahedra 
(
√

3∕8=0.61). Other typical distances such as 𝑑𝑁𝑎−𝑆=3.0 Å are those 
expected from ab initio simulations in the glassy state [87] (see below 
the partial correlations in Fig.  9) or from the typical distances between 
a NBS atom and a Na ion in the corresponding crystalline phases [78,
84] (Table  4). The main difference with the ab initio result [87] is 
detected in the 𝑔𝑆𝑖𝑆𝑖(𝑟) pair correlation function (Fig.  9a) as DFT 
suggests the presence of homopolar Si–Si bonds at a distance of 2.37 Å
which are not recovered with the BM3PM model. Such bonds are 
observed in certain chalcogenide network formers [89] but not [90,91] 
in SiS2. Once modified by an alkali modifier, we are only aware that 
such bonds are present [85,86] in crystalline Na6Si2S6, although there 
is some evidence [48] that these might be present as well in highly 
depolymerized sodium thiosilicates containing between 50 and 66 % 
Na2S.

3.1.3. The role of 3-body BS potentials
The most serious drawback of previous approaches [30,31] is the 

near complete absence of the first sharp diffraction peak (Fig.  6c), 
and our results indicate that it is linked with the utility of a 3-body 
interaction [92] which constrains the Si–S–Si angle involving a BS 
atom. Fig.  10 highlights the effect of this 3-body term (Eq. (2)) on the 
small 𝑘-region of the structure factor 𝑆 (𝑘), and on the corresponding 
𝑋
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Fig. 6. Calculated X-ray weighted total structure factor 𝑆𝑋 (𝑘) (red 
curves) obtained from the BM3PM model in glassy alkali thiosilicates : 
(100-𝑥)SiS2 – 𝑥Na2S (a), and (100-𝑥)SiS2 – 𝑥Li2S with different compositions 
𝑥 (b), and compared to experimental data from X-ray scattering on Na 
(blue [87] and green [30]) and Li-based glasses [7,11] (black) including 
a result (green curve) from a previous force field for 50SiS2–50Li2S [16]. 
The broken red curve for 50Li2S – 50SiS2 is also a result from a recent 
force-field using only a 2-body potential [32]. Wright parameters 𝑅𝑋 are 
indicated in each panel. (c) Comparison of calculated structure factors 𝑆𝑋 (𝑘)
obtained from different molecular dynamics modeling schemes applied to 
the sodium thiosilicate 50SiS2 – 50Na2S: red curve (present work, same 
as panel a) compared to a recent classical potential [31] (green) and ab 
initio calculations [30] (black). The gray shaded zone corresponds to the 
experimental [87] 𝑆𝑋 (𝑘) (same as panel a).

Si–S–Si bond angle distribution (BAD). For 𝑘𝑏=0 (absence of angular 
interaction), our results are of the same quality at low 𝑘 as those 
previously reported [30,31]. Although we fairly reproduce with 𝑘𝑏=0 
the global pattern of the function 𝑆𝑋 (𝑘) over extended ranges in 𝑘
(not shown), the FSDP reduces only to a shoulder peak (at 1.5 Å−1, 
experimentally [87] 1.04 Å−1) of the principal peak found at 2.5 Å−1

(black curve, Figs.  10a and b). We, furthermore, note that in absence of 
a 3-body potential, the Si–S–Si BAD essentially mimics the one obtained 
in corresponding sodium silicate glasses [93] which consists in a broad 
distribution centered at ≃140◦ (𝑘𝑏=0, black curves in Figs.  10c, and 
d). These features are not consistent with the documented structure 
8 
Fig. 7. Calculated densities versus measured densities 𝜌0 in various sulfide 
glasses using the BM3PM model. Open and filled symbols correspond to 
crystalline and glassy compositions, respectively. The BaS-GeS2 polymorphs are 
represented by open red circles. Details are provided in corresponding tables 
or in text.

of chalcogenides made of both ES and CS tetrahedra (Fig.  1b). As 
a result, Si–S–Si BADs should display a bimodal distribution repre-
senting both types of connections as in other typical network-forming 
chalcogenides [28,51,52].

Once the presence of an angular interaction is taken into account 
via Eq. (2), the effect of both parameters (𝑘𝑏, 𝜃0) on the FSDP and the 
Si–S–Si BAD becomes obvious. Note that the effect of the parameters 
governing the intra-tetrahedral interaction (S–Si–S) is weak. The choice 
of 𝜃0 (100◦, Fig.  10d) close to the unconstrained (i.e. 𝑘𝑏=0) value of 
140◦ has little effect upon increasing 𝑘𝑏, and the FSDP region still 
remains poorly reproduced (Fig.  10b). The average Si–S–Si angle (Fig. 
10d) automatically reduces but without inducing the typical contribu-
tion associated with ES connections. For the case (𝜃0=100◦, 𝑘𝑏=1.5), 
the corresponding ES statistics estimated from the King algorithm [94] 
(see below) yields a fraction of zero ES tetrahedra, still in obvious 
disagreement with experimental estimates from NMR [44]. A drastic 
reduction of 𝜃0 down to 0◦ now leads to a clear bimodal BAD with 
increasing 𝑘𝑏, and the convergence criteria based on the Wright pa-
rameter fixes the best set of angular force-field parameters to 𝑘𝑏=0.8 
(Table  2). At a first glance, one might argue that the choice of 𝜃0=0 
could lead to an unphysical and acute Si–S–Si angle at low angle 𝜃 but 
such a situation would lead to a strong repulsion arising from the S–S 2-
body interaction of Eq. (1). The interplay between the angular penalty 
when 𝜃0 ≠0 and the repulsive 𝑉𝑆𝑆 (𝑟) interaction at short distance finally 
leads to an excellent reproduction of the FSDP region (position, width, 
intensity) and produces an ES:CS ratio of 40:60 in 50SiS2 – 50Na2S that 
is compatible with the experimental determination from NMR [44].

These conclusions on the utility of an angular interaction are ac-
tually in line with recent ones formulated by Bertani et al. [64] for 
a large family of silicates, aluminosilicate and phosphate crystals, and 
multicomponent oxide glasses. The inclusion of three-body interactions 
T-O-T (T=Si,P) for the bridging oxygen atoms between polyhedra leads, 
indeed, to an improved bond angle and more realistic 𝑄𝑛 distributions, 
and to an increased agreement with experimental properties on struc-
ture: network former-oxygen distances, densities, structure functions 
𝑔(𝑟) and 𝑆(𝑘). Our conclusions hold to some extent also to the SiS2-
Li2S system discussed in the following, and one remarks that a simple 
Born–Mayer 2-body interaction [32] also leads to a poor description of 



L.-M. Poitras and M. Micoulaut

 

Journal of Non-Crystalline Solids 668 (2025) 123721 
Fig. 8. Calculated pair correlation function 𝑔(𝑟) (red) in 34SiS2 – 66Na2S (N2S) 
and 50SiS2 – 50Na2S (NS) glasses, compared to the experimental counterpart 
(black [87]) and to a Fourier transform of an experimental 𝑆𝑋 (𝑘) (green [30]) 
for NS. The calculated 𝑔(𝑟) (red) are also shown for different compositions 
in (100-𝑥)SiS2–𝑥Li2S glasses for different Li content 𝑥, and compared to 
experimental counterparts [7] (black curves, digitized), to the result of a recent 
force-field using only a 2-body potential [32] (broken red curve), and to a ML 
based potential [36] (blue curve).

the FSDP region (broken red curve or green curve in Fig.  6b), whereas 
an explicit account of the 3-body interaction via Eq. (2) now permits 
to reproduce the pattern for all considered compositions (solid red 
curves).

3.2. SiS2-Li2s glasses and crystals

The second considered material is the lithium thiosilicate of the 
form (1-𝑥)SiS2 – 𝑥Li2S that has just been mentioned. Four different 
crystalline polymorphs have been reported in the literature.

3.2.1. Crystalline phases
In this system, two polymorphs with at least two different stabilities 

and temperatures can be formed: the metathiosilicate Li2SiS3, and the 
orthothiosilicate Li4SiS4. The former melts uniformly at 745 ± 10 ◦C, 
and depending on the cooling conditions after the melting temperature, 
two distinct phases can be formed: equilibrium (e-Li2SiS3), metastable 
crystalline (m-Li2SiS3 with a melting temperature of 𝑇𝑚=1018 K [95]). 
The structure of the crystals is made of corner-sharing tetrahedra using 
Q2 units with the NBS in the vicinity of Li ions, and which form a 
one-dimensional chain structure via the BS atoms connecting two close 
SiS4∕2 tetrahedra together [53,82]. Although e-Li2SiS3 and m-Li2SiS3
have been studied by 29Si NMR [44], the crystallographic data of the 
9 
Table 5
Experimental cell parameters, system density (𝑛0, 𝜌0) and main distances 
of different lithium thiosilicate crystals, compared to the present calculated 
values from the BM3PM model in NPT Ensemble at zero pressure, and 100 K. 
The number 𝑁 of particles is indicated for each compound.
 Expt. Model  
 e-Li2SiS3 𝑁=3000 
 𝑎 (Å) 11.66 [95] 11.64  
 𝑏 (Å) 6.74 [95] 6.72  
 𝑐 (Å) 5.93 [95] 5.92  
 𝑛0 (Å−3) 0.052 [95] 0.052  
 𝜌0 (g cm−3) 1.97 [95] 1.98  
 𝑑𝑆𝑖−𝑆 (Å) 2.09 2.05  
 𝑑𝑆−𝑆 (Å) 3.36 3.48  
 𝑑𝐿𝑖−𝑆 (Å) 2.46 2.44  
 m-Li2SiS3 𝑃1 𝑁=3000 
 𝑎 (Å) 11.44 [82] 11.38  
 𝑏 (Å) 6.61 [82] 6.57  
 𝑐 (Å) 6.49 [82] 6.45  
 𝑛0 (Å−3) 0.0490 [82] 0.050  
 𝜌0 (g cm−3) 1.87 [82] 1.90  
 𝑑𝑆𝑖−𝑆 (Å) 2.09 2.08  
 𝑑𝑆−𝑆 (Å) 3.36 3.48  
 𝑑𝐿𝑖−𝑆 (Å) 2.46 2.45  
 LT-Li4SiS4 𝑃𝑛𝑚𝑎 N=2304  
 𝑎 (Å) 13.78 [97] 13.70  
 𝑏 (Å) 7.77 [97] 7.73  
 𝑐 (Å) 6.14 [97] 6.11  
 𝑛0 (Å−3) 0.054 [97] 0.055  
 𝜌0 (g cm−3) 1.86 [97] 1.89  
 𝑑𝑆𝑖−𝑆 (Å) 2.09 2.05  
 𝑑𝐿𝑖−𝑆 (Å) 2.46 2.52  
 HT-Li4SiS4 𝑃 21∕𝑚 N=2304  
 𝑎 (Å) 6.89 [97] 6.86  
 𝑏 (Å) 7.77 [97] 7.73  
 𝑐 (Å) 6.13 [97] 6.10  
 𝑛0 (Å−3) 0.054 [97] 0.055  
 𝜌0 (g cm−3) 1.86 [97] 1.89  
 𝑑𝑆𝑖−𝑆 (Å) 2.15 2.09  
 𝑑𝐿𝑖−𝑆 (Å) 2.35 2.48  

former are only conjectured [95], and result from a simulated X-ray 
powder measurement using the appropriately rescaled atomic coordi-
nates of the isochemical Li2SiO3. NMR only indicates that the structure 
of e-Li2Si𝑆3 might differ from m-Li2Si𝑆3 with the possible presence of 
ES SiS4∕2 tetrahedra [44]. However, the exact atomic coordinates of the 
‘‘true’’ phase being unknown, we test the performance of the force-field 
on the isochemical model [95] proposed from Li2SiO3, as we realized 
previously [32].

e-Li2SiS3 is usually obtained upon rapid cooling to 993 K with 
subsequent annealing at the same temperature [53,82], and forms [95] 
with lattice parameters 𝑎=11.66 Å, 𝑏=6.74 Å, and 𝑐=5.93 Å. We 
succeed in reproducing such data within NPT at zero pressure, and 
find 𝑎=11.64 Å, 𝑏=6.73 Å, and 𝑐=5.92 Å (Table  5), and a similar 
density (1.98 g cm−3 against the experimental [95] value 1.97 g cm−3). 
The same encouraging conclusions are maintained for the metastable 
crystalline m-Li2SiS3, and we find, indeed, crystallographic parameters 
at zero pressure which are close to their experimental counterparts 
(e.g. 𝑏=6.61 Å [82] against our computed 6.57 Å). As the lattice 
parameters are somewhat larger, the resulting calculated density is 
increased (1.90 g cm−3) with respect to experiment (1.87 g cm−3).

The second polymorph which crystallize [53,95,96] in the SiS2 – Li2S
binary forms at 66 %Li2S and exists as a high (HT) and low-temperature 
(LT) form [97,98] with slightly different crystallographic parameters 
(Table  5). Here again, the obtained parameters in Eqs. (1) and (2) 
lead to crystallographic data that are consistent with those determined 
from X-ray scattering, i.e. for LT-Li4SiS4, we find at zero pressure a cell 
length 𝑎=13.70 Å to be compared with the experimental [97] value 
of 13.78 Å, the other cell parameters being reproduced in a similar 
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Fig. 9. Calculated partial pair correlation functions 𝑔𝑖𝑗 (𝑟) in 50 SiS2–50M2S with M=Li (black) and M=Na (red). The green curve in panel (a) corresponds to a 
calculation using a ML force field [36] for the Li glass. The gray areas in the back are the DFT results [87] on 50SiS2–50Na2S.
way. Corresponding calculated interatomic distances are compatible 
with experimental determination, and we found 2.05 Å and 2.52 Å 
for the Si–S distance, and Li-S distance, respectively. These values 
are close, indeed, to those determined from X-ray measurements [97]. 
Regarding HT-Li4SiS4, the same level of agreement is achieved, and the 
resulting density is somewhat increased (1.89 g cm−3) with respect to 
the experimental counterpart (1.86 g cm−3) which results from a small 
expansion of the simulation box at zero pressure.

3.2.2. Lithium thiosilicate glasses
Using the fitted parameters of the force-field, we have simulated 

three compositions in the (1-𝑥)SiS2 – 𝑥Li2S system (𝑥=40, 50 and 
60 %) because of available X-ray scattering measurements [7,11] at 
such compositions. We, therefore, can compare our calculated structure 
factors 𝑆𝑋 (𝑘) (Fig.  6b) and pair correlation functions (Fig.  8) with their 
experimental counterparts. A certain comments can be made.

First, we obtain glass densities at 300 K during the zero temperature 
quench which are identical to the measured experimental values (Fig. 
7), i.e. we found 𝜌𝑔=1.83, 1.80, and 1.90 g cm−3 for 40, 50 and 
60 % Li2S, respectively. Regarding the structure functions (Fig.  6b), and 
when these are compared to the sodium analogue discussed above, we 
first note that the agreement in reciprocal space is lower in the Li sys-
tems, although the model is able to reproduce all main features of the 
diffraction pattern such as principal peak positions (2.14 Å−1, 3.73 Å−1) 
and widths, the intensities being overestimated, however. Most notice-
able is the clear improvement brought by the 3-body interaction which 
is now able to correctly describe the FSDP region (1.15 Å−1) when 
compared to previous simulation efforts [16,32] (broken red and green 
curves in Fig.  6b).

In real space (Fig.  8), we find a rather good agreement with the 
corresponding measured functions [7] for all considered compositions, 
the pair correlation function 𝑔(𝑟) being dominated by Si–S bond dis-
tance found at 2.18 Å and by a secondary peak at 3.6 Å which results 
from different contributions: S–S, Si–Si involved in CS tetrahedra, and 
Li-Li correlations (Fig.  9). Note that due to the weak contribution of Li 
in such weighted X-ray pair correlation functions, in contrast to the Na 
10 
analogue no typical peak emerges at a distance somewhat lower than 
3.0 Å in the total pair correlation function (Fig.  8). Partial correlations 
(Fig.  9) indicate a similar structure with the Na-based systems, i.e. the 
network is dominated by SiS4∕2 tetrahedra having a well defined apex 
distance (Si–S) and S–S edge (Fig.  9b and c). The partial Si–Si corre-
lation leads to the same structural pattern with the presence of both 
ES and CS typical bond distances (Fig.  9a). The alkali-related partials 
display the same profile as Na-based glasses, albeit shifted in position, 
and these small differences result from the different cation size and the 
different system density (1.90 g cm−3 versus 2.03 g cm−3 for Li and Na 
thiosilicates, respectively).

3.2.3. Comparison with previous force-fields
We remind that a force-field has been recently established [32] 

which contains only a two-body interaction (Eq. (1)). It has clearly 
improved the description of SiS2 – Li2S glasses with respect to earlier 
attempts [16] (green curve in Fig.  6b), and has been able to improve the 
reproduction of the structure functions accessed from X-ray scattering 
(broken curve in Fig.  6). However, the main drawback of this earlier 
effort is (i) the poor reproduction of the FSDP region, and (ii) the com-
plete absence of ES structures although they have been detected from 
NMR experiment thanks to the identification of the different chemical 
shifts associated with the E𝑘 functions (Fig.  1, and discussion below). 
The present parametrization, thus, represents a clear improvement in 
this respect because the inclusion of Eq. (2) now leads to a finite ES 
fraction in the 50SiS2 – 50Li2S glass, as also detected from the typical 
ES peak in the Si–Si partial (Fig.  9a). Numbers are provided from the 
statistical ring analysis in the dedicated section.

A recent ML model has been reported, and is based on a set of 
trained DFT data [36]. This model is able to correctly predict the main 
structural features of the 50SiS2–50Li2S glass but fails to reproduce 
correctly the pair correlation function 𝑔(𝑟) as certain overestimated 
atomic correlations lead to a spurious peak at about 2.6 Å (blue curve 
in Fig.  8) which is not observed experimentally. Despite this obvious 
drawback, the ML description can be clearly seen as an improvement 
with respect to Refs. [16,32] because the resulting ML based structure 
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Fig. 10. Effect of the 3-body interaction parameter 𝑘𝑏 on the structure factor 
and the FSDP region in Na2S – SiS2 (NS) glasses for 𝜃0=0◦ (a) and 𝜃0=100◦
(b): 𝑘𝑏=0.8 eV deg−2 (red, panel a is the same as Fig.  6a), 𝑘𝑏=0.4 (orange), 
𝑘𝑏=0 (black), and 𝑘𝑏=1.5 (blue, panel b). The gray area represents the 
experimental [30] 𝑆𝑋 (𝑘). (c) and (d): Bond angle Si–S–Si distribution for 
corresponding (𝑘𝑏) parameters at fixed angle 𝜃0. The curves 𝑘𝑏=0 are identical 
in panels c and d, and panels a and b. The gray area in panel c corresponds 
to a calculation from DFT-MD [87].

contains a certain number of ES motifs which are compatible with 
experimental observation from NMR. Thanks to the addition of Eq. (2) 
which constrains the angular Si–S–S interaction and also leads to ES 
motifs, our present parametrization is now able to compete with the 
ML technique, the added value being its ease of implementation, and 
the improved description of the real space properties (Fig.  8).

3.3. Alkaline earth thiosilicates

While a certain but limited number of crystalline polymorphs of 
alkaline earth thiosilicates have been characterized and investigated, 
we are not aware of any study of the amorphous phases, and the 
glass-forming region of these systems is, therefore, unknown. Mg [99], 
Ca [99] and Ba thiosilicate crystals [100–102] form essentially in the 
ratio MS:SiS2 of 2:1, and lead to crystals such as Mg2SiS4 which is of 
olivine type [103] in 𝑃𝑛𝑚𝑎 symmetry (Table  6). Using the parameters 
of the BM3PM model, the reported phases have been simulated. In NVT 
ensemble, results lead to residual pressures at 100 K which are less 
than 0.5 GPa (0.5 GPa in Mg2SiS4, −0.1 GPa in Ca2SiS4 or 0.1 GPa 
in Ba2SiS4) while simulations in NPT at zero pressure lead to system 
densities which are very close to the reported values from experiment, 
e.g. 2.43 g cm−3 in Mg2SiS4, compared to the experimental value [99] 
of 2.45 g cm−3 (see also Fig.  7). Simulations furthermore suggest 
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Table 6
Experimental cell parameters, system density (𝑛0, 𝜌0) and main distances of 
different alkaline earth thiosilicate crystals, compared to calculated values 
from the BM3PM model in NPT Ensemble at zero pressure, and 100 K. The 
number 𝑁 of particles is indicated for each compound.
 Expt. Model  
 Mg2SiS4 𝑃𝑛𝑚𝑎 𝑁=2880  
 𝑎 (Å) 12.64 [99] 12.70  
 𝑏 (Å) 7.47 [99] 7.43  
 𝑐 (Å) 5.92 [99] 5.93  
 𝑛0 (Å−3) 0.050 [99] 0.050  
 𝜌0 (g cm−3) 2.45 [99] 2.43  
 𝑑𝑆𝑖−𝑆 (Å) 2.11  
 𝑑𝑀𝑔−𝑆 (Å) 2.54–2.80 
 Ca2SiS4 𝑃𝑛𝑚𝑎 𝑁=5376  
 𝑎 (Å) 13.49 [99] 13.56  
 𝑏 (Å) 8.18 [99] 8.15  
 𝑐 (Å) 6.21 [99] 6.18  
 𝑛0 (Å−3) 0.041 [99] 0.041  
 𝜌0 (g cm−3) 2.29 [99] 2.30  
 𝑑𝑆𝑖−𝑆 (Å) 2.04 [99] 2.12  
 𝑑𝐶𝑎−𝑆 (Å) 2.81–2.89 [99] 2.80  
 Ba2SiS4 𝑃𝑛𝑚𝑎 𝑁=5376  
 𝑎 (Å) 8.92–8.93 [100,101] 8.99  
 𝑏 (Å) 6.78–6.79 [100,101] 6.83  
 𝑐 (Å) 12.01–12.03 [100,101] 12.26  
 𝑛0 (Å−3) 0.037 [100,101] 0.037  
 𝜌0 (g cm−3) 3.81 [101] 3.81  
 𝑑𝑆𝑖−𝑆 (Å) 2.10 [101], 2.17 [100] 2.10  
 𝑑𝐵𝑎−𝑆 (Å) 2.82 [101] 3.25  
 𝑑𝐵𝑎−𝐵𝑎 (Å) 4.43 [101] 4.20–4.80 
 Ba3SiS5 𝑃𝑛𝑚𝑎 𝑁=4320  
 𝑎 (Å) 12.12 [102] 12.09  
 𝑏 (Å) 9.53 [102] 9.54  
 𝑐 (Å) 8.55 [102] 8.66  
 𝑛0 (Å−3) 0.036 [102] 0.036  
 𝜌0 (g cm−3) 3.99 [102] 3.99  
 𝑑𝑆𝑖−𝑆 (Å) 2.14–2.18 [102] 2.08  
 𝑑𝐵𝑎−𝑆 (Å) 3.07–3.25 [102] 3.14–3.31 

a rather constant bond length for the apex of the SiS4∕2 tetrahedra 
(2.08–2.12 Å) which is compatible with the experimental findings, the 
other characteristic distances (M-S with M=Mg, Ca, Ba) being close to 
the simulated values (e.g. 𝑑𝑀𝑔−𝑆=2.45 Å [99] to be compared with 
the calculated 2.43 Å, Table  6). With increasing alkaline earth size, we 
furthermore note increasing bond lengths as in experiment (Table  6). 
Two other phases in the CaS–SiS2 binary have been reported [103], 
CaSi2S5 and CaSiS3, but their structure is unknown. The latter com-
pound is thought to belong to the family of chalcogenide perovskites, 
and its structure has been recently conjectured (orthorhombic structure 
with 𝑃𝑛𝑚𝑎 symmetry) from DFT calculations [104].

In Fig.  11 we report the X-ray weighted pair correlation functions 
𝑔(𝑟) of corresponding alkaline earth thiosilicate glasses (SiS2 – 2MS 
with M=Mg, Ca, Ba, and 3BaS–SiS2) for which experimental X-ray 
scattering data is apparently not available. The present results highlight 
the dominant role played in all systems by the three bond distances Si–
S, M–S, and S–S. The first one leads to the principal peak at 2.11 Å 
(as in alkali thiosilicates) whose intensity decreases with increasing 
ion size, from Mg to Ba. The secondary distance produces a peak that 
emerges at some larger distance 𝑟, and its location strongly depends on 
the weight of alkaline earth ion, i.e. we find the Mg–S, Ca–S, and Ba–S 
bond distances at 2.41 Å, 2.78 Å, and 3.23 Å, respectively. The third 
peak at larger distances (e.g. 3.49 Å for the Mg glass) is related with S–
S bonds as already identified in corresponding alkali thiosilicates (Fig. 
9c). This distance reduces in the Ca glass (2.51 Å), and merges as a 
high 𝑟-tail of the Ba-S secondary peak (3.25 Å) in the barium glass.
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Fig. 11. Calculated X-ray weighted pair correlation function 𝑔(𝑟) in SiS2 – MS 
(M=Mg, Ca, Ba), and 3BaS – SiS2 glasses.

3.4. GeS2-Na2S glasses and crystals

A certain number of crystalline phases form in the GeS2 – Na2S 
binary whose phase diagram has been characterized by different au-
thors [79,105], and seems to display a tendency to phase separa-
tion [106] at small Na2S content as in low modified alkali silicates
[107]. Four polymorphs have been identified, Na2Ge2S5, Na2GeS3, 
Na6Ge2S7, and Na4GeS4 (Table  7), for which the BM3PM model has 
been tested as well. Regarding the glassy phase, early experimen-
tal studies [108–110] have shown that Na2S can be added to the 
base network former GeS2 from 0 up to 60 % by melt quenching 
technique, forming stable glasses with glass transition temperatures 
between 250–280 ◦C. The structure has been characterized by various 
methods including spectroscopic ones [109,111,112], X-ray and neu-
tron scattering [18,113,114], and the GFD now extended [18] to 66 % 
Na2S.

We represent in Fig.  12 the calculated structure factor 𝑆(𝑘) (panel 
a) and pair correlation function (panel b) of different glass composition 
of this GeS2 – Na2S binary which shows, once again, an excellent agree-
ment of the BM3PM model with respect to the available experimental 
measurements from neutron [114] or X-ray scattering [18,113]. The 
agreement is of unprecedented accuracy (𝑅𝑋 ≃0.5%) in reciprocal 
space for high and low modifier content, i.e. 33GeS2 – 67Na2S (N2G) 
and 67GeS2 – 33Na2S (NG2) to a lesser extent (wavevector region 
around 2.5 Å−1), with a near complete superposition of both the theory 
and the experimental curves over the entire wavevector range including 
the FDSDP region. We note that the agreement with experiment [114] 
is more reduced (𝑅𝑋 ≃0.82%) for the 50GeS2 – 50Na2S (NG) composi-
tion for reasons which are not fully understood, although the calculated 
density agrees with the experimental values (Fig.  7).

In real space, we also find an excellent agreement with the measured 
pair correlation function (Fig.  12b) for all composition, the principal 
peak found at 2.20 Å being reproduced in position, width and intensity 
for all compositions. Secondary peaks at 𝑟 ≃3.05 Å and 3.75 Å are 
also obtained, and clearly evolve with composition in intensity, the 
growing presence of Na atoms leading the emergence and growth of 
a typical peak associated with the Na-S bond distance at 2.80 Å which 
is especially visible for the 33GeS2–67Na2S composition (Fig.  12b). On 
the other hand, the secondary peak (3.60 Å) reminiscent of the base 
network structure GeS2 is partly related to CS Ge–Ge correlations which 
progressively vanish upon network depolymerization (i.e. 𝑥=66 %, Fig. 
13d). The detail of the partial pair correlations permits to support these 
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Table 7
Experimental cell parameters (in Å), system density (𝑛0, 𝜌0) and main distances 
of different sodium thiogermanate crystals, compared to calculated values from 
the BM3PM model in NPT Ensemble at zero pressure, and 100 K.
 Expt. Model  
 Na2Ge2S5 𝐶𝑚𝑐𝑚 N=4608 
 𝑎 (Å) 12.85 [78,115] 13.02  
 𝑏 (Å) 12.90 [78] 13.08  
 𝑐 (Å) 10.48 [78] 10.62  
 𝑛0 (Å−3) 0.041 [115] 0.040  
 𝜌0 (g cm−3) 2.69 [115] 2.58  
 𝑑𝐺𝑒−𝑆 (Å) 2.14–2.20 [78] 2.23  
 𝑑𝑁𝑎−𝑆 (Å) 2.87–2.92 [78] 2.81  
 Na2GeS3 𝑃121∕𝑐1 N=3000 
 𝑎 (Å) 6.95 [116] 6.90  
 𝑏 (Å) 15.23 [116] 15.11  
 𝑐 (Å) 5.72 [116] 5.67  
 𝑛0 (Å−3) 0.044 [116] 0.045  
 𝜌0 (g cm−3) 2.60 [117] 2.68  
 𝑑𝐺𝑒−𝑆 (Å) 2.04 [116] 2.15  
 𝑑𝑁𝑎−𝑆 (Å) 2.83 [116] 2.83  
 Na6Ge2S7 𝐶12∕𝑐1 N=3840 
 𝑎 (Å) 9.09 [116,118] 8.93  
 𝑏 (Å) 10.44 [116,118] 10.25  
 𝑐 (Å) 15.46 [116,118] 15.18  
 𝑛0 (Å−3) 0.043 [116,118] 0.046  
 𝜌0 (g cm−3) 2.44 [116,118] 2.58  
 𝑑𝐺𝑒−𝑆 (Å) 2.19 [118] 2.19  
 𝑑𝑁𝑎−𝑆 (Å) 2.83 [116] 2.77  
 Na4GeS4 𝐼𝑚 N=2160 
 𝑎 (Å) 19.81 [117], 20.04 [119] 21.51  
 𝑏 (Å) 29.25 [117], 29.65 [119] 29.03  
 𝑐 (Å) 10.96 [117], 10.98 [119] 9.81  
 𝑛0 (Å−3) 0.047 [119] 0.046  
 𝜌0 (g cm−3) 2.39 [117], 2.32 [119] 2.47  
 𝑑𝐺𝑒−𝑆 (Å) 2.19–2.25 [119] 2.19  
 𝑑𝑁𝑎−𝑆 (Å) 2.78–2.83 [119] 2.76  

observations which are also made on an experimental basis [87,114], 
and to infer the origin of the observed structural changes driven by 
Na2S content.

As already mentioned, the structure of sodium thiogermanate glasses
is dominated by the GeS4∕2 tetrahedra which lead to prominent peaks 
in S–S and Ge–S partials (Figs.  13a and b), whereas their underlying 
connectedness is revealed from the Ge–Ge partial (Fig.  13d). Here, 
one acknowledges as for other modified sulfides discussed above, the 
presence of two principal peaks at 3.05 Å and 3.75 Å which are 
associated with ES and CS tetrahedral connections, respectively. With 
growing Na2S concentration, such peaks evolve and result from the 
reduction of network polymerization and ring structures. It also leads 
to the emergence of typical Ge–Na distances which are associated with 
Ge–NBS–Na triplets, whereas the typical distance Na–Na (3.99 Å for 
NG2 and 3.62 Å for N2G, Fig.  13f) tends to reduce due to the larger 
number of Na atoms at elevated Na2S content.

Again, an inspection of the role of the modifier content indicates 
that in such sodium thiogermanates, the addition of sodium preserves 
the tetrahedral character of the base GeS4∕2 geometry since we find that 
the tetrahedral parameter [88] defined by 𝛿 = 𝑑𝐺𝑒−𝑆∕𝑑𝑆−𝑆 is equal to 
its expected value of 

√

3∕8 for all compositions, i.e. we find 𝛿=0.62(9), 
0.60(3) and 0.60(6) for the compositions at 33 %, 50 % and 66 %, 
respectively.

3.4.1. Comparison with ab initio results
It is again instructive to compare the classical MD results accumu-

lated for sodium thiogermanates with corresponding results [18] based 
on DFT simulations, as we did for sodium thiosilicates in Section 3.1.2. 
Fig.  13 compares the partial pair correlation functions of NG2, NG and 
N2G with similar results from DFT simulations reported recently [18] 
for N2G. We, thus, verify that our obtained structures are compatible 
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Fig. 12. Calculated (red) structure factors 𝑆(𝑘) (a) and pair correla-
tion functions 𝑔(𝑟) (b) of different sodium thiogermanates of the form 
(100-𝑥)GeS2 – 𝑥Na2S, and compared to experimental data from X-ray and 
neutron scattering: NG2 (X-ray, green [113] and black [18]), N2G (X-ray, 
black [18]) and NG (neutron, black [114]). Wright parameters 𝑅𝑋 are indi-
cated in panel a.

with such previous results obtained from ab initio simulations (gray 
zones in Fig.  13) which provides an additional strength to the BM3PM 
model although some differences appear in second shell correlations as 
highlighted in the S–S (panel a), Na–S (panel c) and Ge–Na partial pair 
correlation functions (panel e). Specifically, in the first shell of coordi-
nation we find that dominant peaks corresponding to 𝑑𝐺𝑒−𝑆=2.20 Å, 
𝑑𝑆𝑆=3.61 Å and 𝑑𝑁𝑎𝑆=2.87 Å are identical to those found in the 
DFT results. We also note that the two-peak pattern in the Ge–Ge 
partial (Fig.  13d) identified with ES and CS motifs is also recovered. 
Finally, the DFT simulations leads to the presence of a small number of 
homopolar S–S defects (Fig.  13a) detected at 𝑟 ≃2.20 Å which are rem-
iniscent of the base GeS2 glass [28]. Upon modifier content increase, 
the structure leads to a breakdown of ES motifs which manifests by a 
strong reduction of the ES peak in the Ge–Ge partial pair correlation 
function, consistently with the enumeration of rings indicative of their 
absence in N2G as a result from the increased depolymerization and the 
massive presence of NBS atoms that rule out the possibility of having 
closed loops (rings).

3.4.2. Crystalline sodium thiogermanates
The simulation of the different crystalline polymorphs also indicates 

a certain stability at ambient conditions, and calculated cell lengths or 
densities (Fig.  7 or Table  7) are of the same order as those determined 
13 
experimentally, e.g. we find differences in density of about 5–6 % for 
Na6Ge2S7 with the predicted 𝜌0=2.58 g cm−3 to be compared to the 
measured [116] value of 2.44 g cm−3. A calculation of the residual 
pressure (performed in NVT Ensemble) indicates that 𝑃  is about or less 
than 1.0 GPa (e.g. 0.8 GPa for Na2Ge2S5 or −1.1 GPa for Na2GeS3). 
All typical distances determined from the crystallographic data are 
recovered, and the shortest distances are those corresponding to Ge–S 
(2.04–2.25 Å) and Na–S bonds (2.78–2.92 Å).

3.5. GeS2-Li2S glasses and crystals

We now focus on the lithium counterpart of Na thiogermanates, 
and discuss once again the validity of the BM3PM on another impor-
tant class of solid electrolytes which have been investigated as thin 
films [120], and serve also as base material for the LGPS electrolyte.

Three crystalline phases can be formed in the GeS2–Li2S system: 
Li2GeS3, Li4GeS4 and Li8GeS6, the latter being unstable because of 
phase transformation at low temperature [121]. It has been investi-
gated recently from ab initio simulations [122] but we are not aware 
of any experiments regarding the crystallographic data. We describe 
the two documented compounds [123–127] below, but focus first on 
the glassy state.

3.5.1. Lithium thiogermanate glasses
Fig.  14a represents the calculated X-ray weighted structure factors 

𝑆𝑋 (𝑘) for different composition 𝑥 in (100-𝑥)GeS2 – 𝑥Li2S glasses. Here, 
the agreement with experimental data [17] is excellent, and all features 
are reproduced in terms of peak locations, widths and intensities over 
a broad range of compositions ranging from 20 % to 50 % Li2S, 
and the difference of the FSDP region between experiment and sim-
ulation at 50Li2S – 50GeS2 is barely visible, and leads to a Wright 
parameter 𝑅𝑋 in the range 0.40–0.70%. Upon modifier increase, the 
experimental location [17] of the FSDP shifts with composition (from 
𝑘𝐹𝑆𝐷𝑃=1.05 Å−1 to 1.08 Å−1), and we also reproduce this trend (from 
1.05 Å−1 to 1.11 Å−1). For this composition, we also obtain a reduced 
contrast between the two other principal peak intensities located at 
2.12 and 3.67 Å−1, this feature being the only (minor) limitation 
of the force-field parametrization. Finally, the correctly reproduced 
oscillations at large 𝑘 provide a reasonable reproduction in real space. 
This is acknowledged from corresponding pair correlation function 𝑔(𝑟)
in real space (Fig.  14b), and we obtain the rather correct location for 
the principal peak corresponding to the Ge-S distance, albeit slightly 
overestimated for all compositions, e.g. we find 2.26 Å to be compared 
to the measured [17] value of 2.22 Å.

As for the other investigated materials, the detail of the partial 
correlations (Fig.  15) permits to detect the typical bond distances in the 
GeS2 – Li2S glasses which are dominated by the tetrahedral structure 
made of the apex Ge–S (Fig.  15b) and the S–S edge at 3.75 Å (Fig.  15a). 
These values are consistent with an investigation [128] from DFT on 
a close composition (L2G, 34GeS2 – 66Li2S). The latter, furthermore, 
indicates that upon modifier increase (from 20 % to 66 %), the Li–
Li correlating distance (Fig.  15f) reduces substantially, and shifts from 
4.30 Å in 80GeS2 – 20Li2S to about 3.0 Å for L2G. In terms of compo-
sitional effects, we note that the main difference with the DFT results 
arises from the presence of homopolar Ge–Ge bonds which have been 
detected [128] for L2G, and are linked with the presence of ethane-
like units of the form Li6Ge2S6 found in isochemical systems [48] at 
larger compositions (55–70 %) than those considered here. Similarly, 
at variance with the DFT glass, we obtain a certain amount of ES 
tetrahedra as detected from the peak at 3.2 Å in the Ge–Ge partial 
pair correlation function (Fig.  15d) which do not exist anymore in the 
highly depolymerized L2G glass [128]. Finally, we remark that the Li–
S profile does not seem to depend on composition so that the main 
changes with the Li content are observable in the vicinity of Ge atoms 
(Fig.  15e) where a shoulder peak at ≃4.0 Å corresponds to second-shell 
correlations which are not linked with those involved in Ge–NBS–Li 
triplets.
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Fig. 13. Calculated partial pair correlation functions 𝑔𝑖𝑗 (𝑟) for different compositions glassy 𝑥GeS2–(100-𝑥)Na2S with 𝑥=33 % (NG2, black), 50 % (NG, green) 
and 66 % (N2G, red). The background functions in gray correspond to a N2G glass obtained from DFT based simulations [18].
3.5.2. Crystalline phases
The crystalline orthorhombic phase Li2GeS3 has been studied by 

different authors [123,124], and has been characterized from XRD and 
neutron diffraction. The material displays a 𝑃 61 symmetry, with lattice 
parameters 𝑎=6.79 Å, and 𝑐=17.91 Å (Table  8) and a rather unusual 
distorted hexagonal close-packed (hcp) wurtzite-like structure in which 
Ge and certain Li display tetrahedral sites. The former are aligned 
parallel to the 𝑐-axis, forming infinite chains of corner-sharing GeS4∕2
tetrahedra. Our force-field only partially reproduce the crystallographic 
data (Table  8), and the most noticeable change is the shift of the typical 
Li-Li distance (at 3.30 Å in the initial Li2GeS3 cell) to larger distances 
(3.60 Å), this being also detected for the Li-NBS bond distance which 
grows from the reported [124] 2.34 Å to 2.56 Å in our model. We 
believe that these differences result from a residual pressure (8.8 GPa 
calculated at fixed cell length in NVT) that is more elevated than all 
other previously investigated polymorphs. As a result, the crystallo-
graphic data are increased in the NPT simulation, and the density is 
decreased (2.26 g cm−3 versus the experimental [97] 2.54 g cm−3), 
e.g. we find larger cell lengths (e.g. 𝑎=7.07 Å, and 𝑏=7.49 Å, Table  8).

The simulation of the Li-rich crystalline compound, Li4GeS4, leads 
to similar conclusions, and the calculated density (2.00 g cm3) is also 
the consequence of a residual pressure found at fixed cell lengths. We 
find, again, an increase of the cell parameters (e.g. 𝑏=8.09 Å compared 
to the experimental [123,125,126] 7.75–7.77 Å) and the typical Li–S 
bond distance (2.51 Å compared to [125] 2.47 Å).

3.6. Alkaline earth thiogermanates

Similarly to their Silicon counterpart, alkaline earth thiogermanates 
have been studied several decades ago, and mostly in a series of 
publications by Ribes’ group [77,100,129–131]. In contrast to Ba-based 
crystals [132,133], it seems that Mg-, and Ca-based polymorphs have 
not been reconsidered recently.
14 
Table 8
Experimental cell parameters (in Å), system density (𝑛0, 𝜌0), and main dis-
tances of different lithium thiogermanate crystals, compared to calculated 
values from the BM3PM model in NPT Ensemble at zero pressure, and 100 K.
 Expt. Model  
 Li2GeS3 𝑃 61 N = 2304 
 𝑎 (Å) 6.79 [124] 7.07  
 𝑏 (Å) 6.81 [123], 6.79 [124] 7.49  
 𝑐 (Å) 17.95 [123], 17.91 [124] 18.62  
 𝑛0 (Å−3) 0.050 [124] 0.045  
 𝜌0 (g cm−3) 2.54 [124] 2.26  
 𝑑𝐺𝑒−𝑆 (Å) 2.17–2.30 [124] 2.15–2.31  
 𝑑𝐿𝑖−𝑆 (Å) 2.34 [124] 2.56  
 Li4GeS4 𝑃𝑛𝑚𝑎 N=2304  
 𝑎 (Å) 14.00–14.10 [123,125,126] 14.63  
 𝑏 (Å) 7.75–7.77 [123,125,126] 8.09  
 𝑐 (Å) 6.14–6.19 [123,125,126] 6.41  
 𝑛0 (Å−3) 0.053 [125] 0.047  
 𝜌0 (g cm−3) 2.248 [134], 2.25 [126] 2.00  
 𝑑𝐺𝑒−𝑆 (Å) 2.17–2.23 [125] 2.21  
 𝑑𝐿𝑖−𝑆 (Å) 2.47 [125] 2.51  

A single crystalline phase has been reported for the Mg-Ge-S system 
(Mg2GeS4) whose structure remains stable with the BM3PM model at 
ambient conditions (Table  9) and crystallographic data are fully consis-
tent with experimental determination [99,130]. The same conclusion 
holds for the Ca2GeS4 crystal (Table  9).

The Ba-Ge-S system has several polymorphs that have been studied 
decades ago, and now partly reinvestigated from both X-ray diffraction, 
and DFT calculations [132,133,136]. The low-Ba content polymorph 
(BaGe2S5, 33 % modifier) is the less stable crystal of the polymorphs 
investigated by the BM3PM force-field but is found to maintain the 
sheet-like structure made of the adamatane-like unit as in Na thiosil-
icates [79] (Fig.  16). We find at zero pressure a slight distorsion that 
could result from a small reduction of the system density (from 3.48 
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Fig. 14. Calculated (red) X-ray weighted structure factors 𝑆𝑋 (𝑘) (a) and pair 
correlation functions 𝑔(𝑟) (b) of different lithium thiogermanates of the form 
(100-𝑥)GeS2 – 𝑥Li2S, and compared to experimental data (black) from X-ray 
scattering [17]. Wright parameters 𝑅𝑋 are indicated in panel a.

to 3.36 g cm−3) but typical distances are preserved (e.g. 𝑑𝐵𝑎𝑆=3.28 Å 
against the experimental [78] 3.22 Å, Table  9).

The properties of corresponding glasses are displayed in Fig.  17 
which represents the X-ray weighted pair correlation function 𝑔(𝑟) for 
different compositions. The structure is, as previously, dominated by 
the apex distance of the Group IV tetrahedra that is found for all 
systems at 𝑑𝐺𝑒−𝑆=2.21 Å, i.e. at a distance identical to the one deter-
mined in alkali thiogermanates (see above). The secondary principal 
peak is found to be related to the sulfur-alkaline earth distance as 
previously acknowledged for corresponding oxides [137] or the present 
thiosilicates (Fig.  11), and its position shifts to large 𝑟 with increasing 
ion size, i.e. we find 𝑑𝑀𝑔−𝑆=2.39 Å which is a distance somewhat 
smaller than in the crystalline phase (2.50–2.66 Å, Table  9), and leads 
15 
Table 9
Experimental cell parameters, system density (𝑛0, 𝜌0), and main distances of 
different alkaline earth thiogermanate crystals, compared to calculated values 
from the BM3PM model in NPT Ensemble at zero pressure, and 100 K. The 
number 𝑁 of particles is indicated for each compound.
 Expt. Model  
 Mg2GeS4 𝑃𝑛𝑚𝑎 N=2520  
 𝑎 (Å) 12.77 [130], 12.84 [99] 12.82  
 𝑏 (Å) 7.43 [130], 7.47 [99] 7.46  
 𝑐 (Å) 6.01 [130], 6.07 [99] 6.02  
 𝑛0 (Å−3) 0.049 [99] 0.049  
 𝜌0 (g cm−3) 2.91 [99] 2.88  
 𝑑𝐺𝑒−𝑆 (Å) 2.14 [130] 2.21  
 𝑑𝑀𝑔−𝑆 (Å) 2.54 [130] 2.50–2.66 
 Ca2GeS4 𝑃𝑛𝑚𝑎 N=2520  
 𝑎 (Å) 13.64 [99], 13.61 [131] 13.66  
 𝑏 (Å) 8.20 [99], 8.18 [131] 8.18  
 𝑐 (Å) 6.30 [99], 6.30 [131] 6.29  
 𝑛0 (Å−3) 0.040 [131] 0.040  
 𝜌0 (g cm−3) 2.66 [131] 2.66  
 𝑑𝐺𝑒−𝑆 (Å) 2.19 [131] 2.22  
 BaGe2S5 𝐹𝑑3̄m N=3456  
 𝑎 (Å) 14.90 [78] 15.19  
 𝑛0 (Å−3) 0.041 [78] 0.037  
 𝜌0 (g cm−3) 3.48 [78] 3.36  
 𝑑𝐺𝑒−𝑆 (Å) 2.19 [78] 2.15–2.26 
 𝑑𝐵𝑎−𝑆 (Å) 3.22 [78] 3.28  
 Ba3GeS5 𝑃𝑛𝑚𝑎 N=4320  
 𝑎 (Å) 12.05 [132] 12.15  
 𝑏 (Å) 9.55 [132] 9.62  
 𝑐 (Å) 8.60 [132] 8.70  
 𝑛0 (Å−3) 0.036 [132] 0.035  
 𝜌0 (g cm−3) 4.33 [132] 4.21  
 𝑑𝐺𝑒−𝑆 (Å) 2.17 [132] 2.16  
 𝑑𝐵𝑎−𝑆 (Å) 3.31 [132] 3.31  
 Ba2GeS4 𝑃𝑛𝑚𝑎 N=2520  
 𝑎 (Å) 8.96 [135], 8.98 [136] 9.02  
 𝑏 (Å) 6.89 [135], 6.88 [133] 6.93  
 𝑐 (Å) 12.22 [135,136], 12.31  
 𝑛0 (Å−3) 0.037 [135,136] 0.036  
 𝜌0 (g cm−3) 4.19 [135,136] 4.10  
 𝑑𝐺𝑒−𝑆 (Å) 2.18–2.20 [133] 2.19  
 𝑑𝐵𝑎−𝑆 (Å) 3.12–3.58 [136] 3.24  
 BaGeS3 𝑃 21/c N=2520  
 𝑎 (Å) 15.37 [133] 15.11  
 𝑏 (Å) 5.76 [133] 5.66  
 𝑐 (Å) 13.42 [133] 13.19  
 𝑛0 (Å−3) 0.037 [133] 0.039  
 𝜌0 (g cm−3) 4.19 [133] 3.99  
 𝑑𝐺𝑒−𝑆 (Å) 2.17–2.30 [133] 2.04–2.18 
 𝑑𝐵𝑎−𝑆 (Å) 3.11–3.61 [133] 3.16–3.32 

to a shoulder peak in the amorphous state (2.30 Å). For larger alkaline 
earth ion size, we found 𝑑𝐶𝑎−𝑆= 2.77 Å and 𝑑𝐵𝑎−𝑆=3.22 Å. As for 
the alkali thiogermanates, the corresponding structure is made of a 
depolymerized network with a distribution of connecting tetrahedra 
(𝑄𝑛 species).

3.7. P2S5 based glasses and crystals

The ternary Li-P-S systems have probably attracted the largest 
attention in the field of sulfide electrolytes given their important 
conductivity level that is obtained in both crystallines phases and 
glass (including glass ceramics). Target materials in this respect are 
the high Li amount polymorphs such as Li7PS6, Li3PS4 and Li7P3S11
which serve as starting materials for further processing of e.g. thio-
LiSICON types, halogen substituted Argyrodite-type phosphosulfide 
electrolytes [138], or quaternary crystals such as LGPS [4] displaying 
a conductivity as high as 10−2 Ω−1 cm−1, which is a conductivity 
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Fig. 15. Calculated partial pair correlation functions 𝑔𝑖𝑗 (𝑟) for different compositions glassy (100-𝑥)Li2S – 𝑥GeS2 with 𝑥=20 % (LG4, blue), 30% (green), 40 % 
(L2G3, orange) and 50 % (LG, red). The background functions in gray correspond to a L2G (𝑥=66 %) glass obtained from DFT based simulations [128].
Fig. 16. 2D slab view of the initial (left, proposed structure [78]) and after 100 ps trajectory in NPT at 100 K and zero pressure of the BaGe2S5 (right). The 
adamatane-like Ge4S4⊖10  unit is proposed to be present as well [79], and forms transverse sheets of tetrahedra in the (𝑎, 𝑐) direction. Sulfur, Germanium Silicon 
and Barium are colored in yellow, red, and blue, respectively.
level that is much larger than the maximum achieved in the bi-
nary systems, i.e. 3.5 × 10−4 Ω−1 cm−1 for 25P2S5–75Li2S [139] and 
8.5 × 10−6 Ω−1 cm−1 for 25P2S5–75Na2S [140] at room temperature.

3.7.1. Glassy lithium thiophosphates
We first focus on glassy lithium thiophosphates (100-𝑥)P2S5 – 𝑥Li2S 

with large modifier content given the existence of reported struc-
ture functions. For all considered compositions reported experimental 
densities [12] are recovered from our simulations (Fig.  7), and in 
NVT simulations with fixed experimental densities, we find residual 
16 
pressures of only 0.12 GPa, 0.06 GPa, and 0.15 GPa for 𝑥=67, 70 and 
75 Li2S, respectively. As for the previously investigated materials, Fig. 
18 compares the results from the parametrized BM3PM model with the 
structure functions accessed from X-ray and neutron diffraction [12] 
(𝑆𝑁 (𝑘), Fig.  19). In reciprocal space, it succeeds in reproducing all 
relevant peaks of the function 𝑆𝑋 (𝑘) for all considered compositions 
(Fig.  18a), i.e. principal peaks at 𝑘 ≃3.90 Å−1 and 𝑘𝑃𝑃=2.10 Å−1, 
the FSDP at 𝑘𝐹𝑆𝐷𝑃=1.6 Å−1, and the typical oscillations found in 
the region 6 Å−1 ≤ 𝑘 ≤ 8 Å−1, together with a secondary peak at 
𝑘 ≃10 Å−1. This latter range is usually associated with correlations 
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Fig. 17. Calculated X-ray weighted pair correlation function 𝑔(𝑟) in 
GeS2 – 2MgS (black), GeS2 – 2CaS (red), GeS2 – 2BaS (green), and GeS2 – 3BaS 
glasses (dark green).

arising from second shell neighbors in real space [141]. The agreement 
is somewhat maintained for all considered compositions ranging from 
𝑥=67 % (Li4P2S7) up to 𝑥=75 % (Li3PS4) but with a reduced accuracy 
when the Wright parameters 𝑅𝑋 are being compared to Ge counterparts 
(Fig.  14). The same level of agreement holds for a neutron weighted 
structure factor 𝑆𝑁 (𝑘) that we represent for the single composition 
25P2S5 – 75Li2S (Fig.  19b). Here we have used Eq. (5), and the neutron 
scattering lengths 𝑓𝑁

𝑖  of Li, P and S.
A decomposition of the partial contributions 𝑆𝑖𝑗 (𝑘) indicates that 

the total structure factor (exemplified for neutron weighted partials 
⟨𝑏⟩−2(2-𝛿𝑖𝑗)𝑥𝑖𝑥𝑗𝑏𝑖𝑏𝑗𝑆𝑖𝑗 (𝑘) in Fig.  20) is dominated in various 𝑘 ranges 
by all correlating pairs. Here 𝛿𝑖𝑗 represents the Kronecker symbol. At 
low 𝑘, the FSDP results essentially from network species related partial 
structure factors, i.e. S–S, P–S, and P–P, whereas the principal peak 
𝑘𝑃𝑃  found at 2.04 Å−1 results from a superposition of all partials with 
a dominant contribution of 𝑆𝑆𝑆 (𝑘). Noteworthy is the fact that for 
such highly depolymerized glasses, the alkali ion channel structure 
found at lower modifier content [71,142,143] has obviously collapsed 
as we do not find any substantial signature of Li–Li correlations in the 
range 0≤ 𝑘 ≤2.0 Å−1 (Fig.  20). This feature manifests, indeed, by an 
important contribution of the alkali–alkali partial structure factor (here 
𝑆𝐿𝑖𝐿𝑖(𝑘))in the FSDP region [144] which is not observed here. On this 
simple basis, one can argue that the Li motion at this composition is 
not spatially limited, and proceeds over extended regions of the glass 
structure [35].

3.7.2. Local structure of lithium thiophosphates
In real spaoe, the resulting SRO is displayed in Figs.  18b and 21, 

the latter representing the different partial pair correlation functions 
𝑔𝑖𝑗 (𝑟) for the three considered compositions : 67, 70 and 75 % Li2S. We 
find a dominant peak in the P–S correlations 𝑔𝑃𝑆 (𝑟) at a distance of 
approximatively 𝑟 ≃2.05 Å (Fig.  21b), and a secondary peak at 5.40 Å 
corresponding to correlations between a P atom and its neighboring 
𝑄𝑛 species. The S–S correlations are dominated by two short bond 
distances at 3.33 Å and 3.69 Å  and these distances are related to the 
edge of the different P-based polyhedra, and to correlations between 𝑄0

species (snapshot in Fig.  21a). The other dominant peak contributing 
to the principal peak of the total pair correlation function (Fig.  18b) is 
detected in the Li–S correlation which exhibits an intense peak (2.62 Å) 
whose characteristics is independent of composition (Fig.  21c), and lead 
to broad correlations in the range 3–5 Å for e.g. P-Li and Li-Li partials 
(Figs.  21e and f).
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Fig. 18. Calculated (red) X-ray weighted structure factors 𝑆𝑋 (𝑘) (a) and corre-
sponding pair correlation functions 𝑔(𝑟) (b) of different alkali thiophosphates 
of the form (100-𝑥)P2S5 – 𝑥M2S (M=Li, Na), and compared to experimental 
data from X-ray scattering on Li [12] and Na [140] glasses. The blue curve is 
a simulation using a simple Born–Mayer potential with a different parametriza-
tion [70]. Wright parameters 𝑅𝑋 are indicated in panel a.

The complete depolymerization of the network is obviously achieved
in 25P2S5 – 75Li2S as we find a near vanishing of the principal peak at 
3.60 Åin 𝑔𝑃𝑃 (𝑟) (green curve in Fig.  21d), and which corresponds to the 
distance involved in P-BS-P linkages. In contrast with other simulations 
however, we do not find any homopolar P–P bonds that are evidenced 
from DFT simulations, and Raman spectroscopy [12], and which have 
eventually an additional signature from NMR [145]. These represent 
minority species in highly depolymerized thiophosphates (4.4–33.0% 
depending on composition [12]), and contribute to Li6P2S6 groupings 
that are supposed to cause a degradation of conductivity [12,145].
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Fig. 19. Models of Li3PS4 glass (75Li2S-25P2S5) and their calculated X-ray (a) 
or neutron (b) weighted structure factors. Present work (red, same as Fig.  18a), 
ML potential (green [38]), Stillinger–Weber classical potential (magenta [33]), 
and DFT based MD (orange [12]).

3.7.3. The particular case of Li3PS4
Of special interest is the Li3PS4 glass which corresponds to 75Li2S –

25P2S5, and which has received a large amount of attention in the 
literature in terms of atomic-scale description [12,33,38]. In Fig.  19 
we compare our results with different modeling schemes that have 
been recently reported: a classical force-field building on a Stillinger–
Weber (SW) form [33], a DFT study [12], and a ML potential [38] 
derived from the training of ab initio simulations of glasses and different 
crystalline Li-P-S polymorphs. See also Table  10.

A certain number of observations can be made from the X-ray 
weighted results. First, we remark that the calculated [12] DFT func-
tion 𝑆𝑋 (𝑘) does not reproduce the main features in reciprocal space 
properties so that the agreement with experiment is only fair, and in 
18 
Fig. 20. Decomposition of the total neutron structure factor 𝑆𝑁 (𝑘) of 
25P2S5–75Li2S (thick red, same as Fig.  19b) into neutron weighted partials 
⟨𝑏⟩−2(2-𝛿𝑖𝑗)𝑥𝑖𝑥𝑗𝑏𝑖𝑏𝑗𝑆𝑖𝑗 (𝑘). The black thick curve is the experimental measure-
ment from Ohara et al. [12]. The total structure factor has been shifted by +5 
for a clearer presentation.

terms of accuracy well beyond what is usually achieved in other sulfides 
from DFT [18,25,28,87] given that mismatch of peak positions, reduced 
principal peak intensities, etc. are clearly observed (orange curves in 
Fig.  19). The ML simulation [38] reproduces rather well the main 
features of the structure factor, and the short distance given the agree-
ment at large 𝑘 but completely lacks the FSDP which signals a rather 
incorrect description of the intermediate range order. Conversely, both 
classical force fields (SW [33] and the present BM3PM model) correctly 
reproduce all features of the structure factor 𝑆𝑋 (𝑘) including the FSDP 
region. At large 𝑘, all models merely reproduce the long-range oscil-
lations which signals that they all lead to a similar short-range order 
made of tetrahedral units in predominant 𝑄0 configuration (see below).

Our conclusions are maintained to the same extent in the case 
of a comparison with the function 𝑆𝑁 (𝑘) (Fig.  19b). These neutron 
data blow up the peaks in the low-𝑘 region (𝑘 ≤2.0 Å−1) which are 
associated with the network-forming species (P,S) because of the small 
contributions of Li in terms of coherent neutron scattering length. An 
inspection of the principal peaks found at 𝑘 ≤2.5 Å−1, again, indicates 
that both the BM3PM and the SW model describe much better the 
intermediate range order of the Li3PS4 glass as compared to DFT [12] 
and to ML techniques [38] as the latter lead to a systematic difference 
with experiment of the FSDP and PP location, width, and intensity 
(Table  10). In contrast with the other simulations, our decomposition 
indicates, indeed, that the experimental [12] position 𝑘𝐹𝑆𝐷𝑃=1.32 Å−1

and the principal peak position 𝑘𝑃𝑃=2.05 Å−1 are recovered from 
the BM3PM model as we found 1.31 Å−1 and 2.04 Å−1, respectively. 
The SW and BM functional forms, thus, appear as the most promising 
interatomic models, and clearly lead to an improved description of 
short- and medium-range structures of lithium thiophosphates with 
respect to other modeling schemes.

3.7.4. Crystalline phases
The stability of the BM3PM model on several typical crystalline 

phases of the Li-P-S system has been verified. Table  11 provides calcu-
lated cell parameters, densities at zero pressure and typical calculated 
distances obtained, and compared to measured values.

The 50:50 system crystallizes into Li2P2S6 (metathiophsophate) of 
monoclinic space group 𝐶∕𝑚, and consists in chains of 𝑄2 species (PS
3∕2
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Fig. 21. Calculated partial pair correlation functions 𝑔𝑖𝑗 (𝑟) for different compositions of glassy (100-𝑥)P2S5–𝑥Li2S with 𝑥=67 % (black), 70 % (red) and 75 % 
(green). The atomic snapshot in panel a is a fragment of the structure of the 75 % glass with the two characteristic S–S bond distances : edge of the PS5∕2
tetrahedra and S–S correlations between Q0 species (S: yellow; P: red; Li: pink).
Table 10
Calculated neutron peak positions 𝑘𝐹𝑆𝐷𝑃  and 𝑘𝑃𝑃  (in Å−1) of glassy Li3PS4, 
together with calculated Wright parameters 𝑅𝑋

𝑋 , and 𝑅𝑁
𝑋  for X-ray and neutron 

scattering. Note that because of the larger intensities in neutron scattering 
patterns, deviations 𝑆𝑒𝑥𝑝(𝑘𝑖) −𝑆𝑐𝑎𝑙𝑐 (𝑘𝑖) are larger, and lead to larger values for 
the neutron related Wright parameter 𝑅𝑁

𝑋 . See also Fig.  19.
 Expt.[12] BM3PM DFT [12] SW [33] ML [38] 
 𝑘𝐹𝑆𝐷𝑃 1.32 1.31 1.53 1.24 1.48  
 𝑘𝑃𝑃 2.05 2.04 2.17 2.06 2.03  
 𝑅𝑋

𝑋 (%) 1.42 2.82 0.99 2.06  
 𝑅𝑁

𝑋  (%) 10.64 28.90 9.34 15.45  

tetrahedra with two NBS) that remain stable in NPT at zero pressure 
with calculated cell parameters that are extremely close to reported 
data [150], i.e. we find 𝑎=11.30 Å, 𝑏=7.12 Å, and 𝑐=6.64 Å to be 
compared with the experimental 𝑎=11.12 Å, 𝑏=7.01 Å, and 𝑐=6.53 Å, 
and this leads to an underestimated density (2.05 g cm−3 against 
2.15 g cm−3[150]). Typical distances are merely recovered, i.e. we 
find P–S and Li–S bond distances of about 1.97–2.16 Å and 2.52 Å, 
respectively (Table  11), comparable to those determined from X-ray 
diffraction (𝑑𝐿𝑖−𝑆=2.58 Å).

We have also considered the Li7P3S11 compound which is one of 
the most studied thiophosphate polymorphs [148,149,151], and which 
crystallizes in triclinic symmetry. It contains a periodic network made 
of a 1:1 mixture of isolated ortho-thiophosphate Li3PS4 groups (i.e. 𝑄0

species), and pyro-thiophosphate groups (𝑄1 units) of formula Li4P2S7. 
The BM3PM model leads to lattice constants (𝑎=12.71 Å, 𝑏=6.15 Å, and 
𝑐=13.27 Å) which are close to their experimental counterparts [148,
149] : 𝑎=12.48–12.50 Å, 𝑏=6.03 Å, and 𝑐=12.50-12.53 Å). The corre-
sponding calculated angles (𝛽=103.02◦, 𝛾=78.14◦)) merely reproduce 
the experimental data [149] (𝛽=113.202◦, 𝛾=74.47◦).
19 
The last system that we have considered is the Li3PS4 compound 
whose 𝛾 and 𝛽 polymorphs [138] represent the low- and intermediate 
phases separated by a transition temperature 𝛾 → 𝛽 of 573 K. The low 
temperature 𝛾-phase of Pnm21 symmetry is found to be stabilized at 
zero pressure with the BM3PM model at a somewhat reduced density 
(1.86 g cm−3) leading to a moderate increase of the elementary cell 
(i.e. 𝑎=7.80 Å compared to the experimental [146] 7.71 Å). The 𝛽-
phase is found to crystallize in Pnma space group, and we also find a 
rather good agreement of calculated crystallographic data with respect 
to experiments. Noteworthy is the fact that an additional phase has 
been examined, and has been found to be unstable (Li4P2S6) as it 
consists of P2S4⊖6  anions giving rise to ethane-like units [152,153], 
at variance with the other reported polymorphs (Li3PS4, etc.) which 
have as building blocks only the PS5∕2 tetrahedral unit. In the Li4P2S6, 
the P2S4−6  anions involve a homopolar P–P bond which cannot be 
reproduced from the BM3PM model, and furthermore leads to a strong 
electrostatic repulsion arising from the Coulombic part of the 2-body 
force-field (Eq. (1)).

3.7.5. Na thiophosphates
Regarding the Na-based system, we find a more reduced agreement 

from the force-field as highlighted for the 75Na2S – 25P2S5 glass in 
reciprocal (Fig.  18a) and real space (Fig.  18b) which leads to an unsat-
isfactory convergence of the Wright parameter (𝑅𝑋=2.06%), although 
improved when compared to a similar numerical effort [70] (blue curve 
in Fig.  18a, 𝑅𝑋=6.82%). The oxide counterparts (i.e. phosphates) are 
known to be less polymerized than Group IV based glasses (silicates), 
and often compared [154] with polymeric materials so that force-fields 
inspired from the successful modeling of silicates (or thiosilicates in 
the present case) may not fully apply. In addition, it is also known 
that the presence of a terminal oxygen surrounding phosphorus leads 
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Table 11
Experimental cell parameters, system density (𝑛0, 𝜌0) and main distances 
of different thiophosphate crystals, compared to calculated values from the 
BM3PM model in NPT Ensemble at zero pressure, and 100 K. The number 𝑁 of 
particles is indicated for each compound. Calculated bond distances correspond 
to the maximum of pair correlation functions.
 Expt. Model  
 𝛽-Li3PS4 𝑃𝑛𝑚𝑎 𝑁=4500  
 𝑎 (Å) 12.82 [146] 12.86  
 𝑏 (Å) 8.22 [146] 8.25  
 𝑐 (Å) 6.12 [146] 6.14  
 𝑛0 (Å−3) 0.056 [146] 0.055  
 𝜌0 (g cm−3) 1.92 [146] 1.84  
 𝑑𝑃−𝑆 (Å) 2.05 [147] 2.03  
 𝑑𝐿𝑖−𝑆 (Å) 2.41–3.11 [147] 2.50  
 𝛾-Li3PS4 𝑃𝑚𝑛21 𝑁=2000  
 𝑎 (Å) 7.71 [146] 7.80  
 𝑏 (Å) 6.53 [146] 6.62  
 𝑐 (Å) 6.13 [146] 6.21  
 𝑛0 (Å−3) 0.052 [77,146] 0.050  
 𝜌0 (g cm−3) 1.93 [146] 1.86  
 𝑑𝑃−𝑆 (Å) 2.04 [146] 1.97  
 𝑑𝐿𝑖−𝑆 (Å) 2.27–2.52 [146] 2.45  
 𝑑𝑆−𝑆 (Å) 3.32 [146] 3.32  
 Li7P3S11 P1̄ 𝑁=5250  
 𝑎 (Å) 12.48–12.50 [148,149] 12.71  
 𝑏 (Å) 6.03 [148] 6.15  
 𝑐 (Å) 12.50–12.53 [148,149] 13.27  
 𝑛0 (Å−3) 0.049 [148,149] 0.047  
 𝜌0 (g cm−3) 1.91 [149] 1.85  
 𝑑𝑃−𝑆 (Å) 1.98–2.09 [149] 1.97  
 𝑑𝐿𝑖−𝑆 (Å) 2.23–3.09 [149] 2.49  
 𝑑𝐿𝑖−𝐿𝑖 (Å) 2.56 [149]  
 Li2P2S6 𝐶∕𝑚 𝑁=2500  
 𝑎 (Å) 11.12 [150] 11.30  
 𝑏 (Å) 7.01 [150] 7.12  
 𝑐 (Å) 6.53 [150] 6.64  
 𝑛0 (Å−3) 0.048 0.046  
 𝜌0 (g cm−3) 2.15 2.05  
 𝑑𝑃−𝑆 (Å) 1.97, 2.13 [150] 1.97, 2.16 
 𝑑𝐿𝑖−𝑆 (Å) 2.58 2.52  

to an improper medium-range structure when only a two-body interac-
tion [155,156] is considered, so that strategies using 3-body potentials 
have been developed [64], especially for polymerized glasses with 
about or less than 50 % alkali modifier. These general comments also 
apply to the sulfides where obvious alkali size effects (Li versus Na) play 
a role, and control to some extent the accuracy of the MD description, 
as revealed from a direct comparison between the numerical results of 
75Na2S – 25P2S5, and 75Li2S – 25P2S5 (Fig.  18).

Concerning the pair correlation function 𝑔(𝑟) of the sodium thio-
phosphate (Fig.  18b), we acknowledge a rather correct reproduction 
of the principal peak corresponding to the P–S bond at 2.11 Å but 
have a clear separation of second-shell distances found at 2.90 Å 
and 3.35 Å, which correspond to the Na–S and the S–S correlations, 
respectively. In the simulation result, the splitting of the two peaks 
within this distance range is responsible [141] for the fair agreement 
in reciprocal space in the wavevector region 𝑘 ≤3.0 Å−1 (Fig.  18a), 
including the FSDP. Here, the contribution of Eq. (2) that we have 
used to model successfully the low 𝑘 region (Fig.  10) in other glasses 
does not act efficiently given the near absence of P–BS–P linkages at 
such elevated modifier compositions. Despite these observed flaws, we 
note that the present force-field still represents an improvement with 
respect to a previously reported [70] force-field for Na2PS3 (𝑥=75 %), 
at least in real space (blue curves in Fig.  18). We, furthermore, keep in 
mind that in corresponding oxides the molecular dynamics modeling 
𝑥Na2O – (1-𝑥)P2O5 also remains challenging, and needs a variety of 
3-body interactions, including Na-related ones [157], in order to fairly 
reproduce experimental structure functions. Work in this direction is in 
progress.
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Fig. 22. (a) Pair correlation functions of the different pairs in Na5AlS4
taken from the initial configuration crystallographic information file (CIF). (b) 
Simulated pair correlation function at 100 K after 100 ps relaxation using the 
BM3PM model. In (c), a snapshot in (𝑎, 𝑏) direction (10 Å slab) is represented, 
and signals the tetrahedral structure of Al (red). Na and S atoms are in blue, 
and yellow, respectively.

3.8. Aluminum sulfides

A certain number of Aluminum-based compounds have been re-
cently investigated [84] in the context of an aliovalent substitution of 
Si by Al in the base crystalline structures Na4SiS4 and Li4SiS4. The role 
of substitution has been emphasized in early studies [158,159] as the 
increase of the number of charge carriers combined with an expansion 
of the crystal lattice by a larger cation (i.e. Al) with a reduced charge is 
supposed to enhance alkali ion conductivity. We are not aware of any 
study of binary M2S-Al2S3 glasses due probably to a poor glass-forming 
tendency that has been emphasized in studies on the effect of Al on 
the ternary Li2S — Al2S3 — SiS2[160–162] or Li2S — Al2S3 — P2S5
systems [163,164].

As for the alkaline earth based materials, we apply the GULP 
methodology alone to the Na5AlS4, and Li5AlS4 compounds, and cor-
responding results of the BM3PM model are provided in Table  12 
which emphasize the reproducibility of the crystallographic data for 
both Li- and Na thioaluminates as densities are maintained at zero 
pressure, and cell lengths recovered, i.e. we found in Li5AlS4 formed 
in 𝑎=6.91 Å (exp. [165] 6.86 Å), and 𝑏=7.84 Å and 𝑐=6.25 Å identical 
to the experimental result. In the sodium system (Fig.  22), the initial 
crystalline structure (panel a) is also maintained after 100 ps relaxation 
(Fig.  22b) with a global broadening of the crystalline peaks from 
phonon vibration, an insight into the structure signaling the sheet-like 
structure of Na AlS , and the tetrahedral geometry of Al (Fig.  22c).
5 4
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Fig. 23. Calculated bond angle distribution in 50AS2–50M2S (A=Ge, Si, and 
M=Li, Na), and 50P2S5–50Li2S for various triplets which are relevant in such 
glasses.

4. Sulfide glasses : Bonds and topology in real space

Having established the force-fields for a variety of modified sulfide 
glasses using as network former SiS2, GeS2, and P2S5, it is instructive 
to inquire how the alkali modifier will induce modifications of the base 
structure. In the following, we first focus on a 50:50 composition con-
taining 50 % modifier, in order to disentangle effects of both network 
formers, and modifiers on angles or rings, but then also consider the 
global effect of Na2S and Li2S on the 𝑄𝑛 speciation, and coordination 
numbers.

4.1. Bond angle distributions

In Fig.  23, we represent a select number of BADs of the different 
glasses in the 50:50 ratio of network former vs. modifier. We first note 
that, as expected from the study of the effect of the 3-body interaction 
(Eq. (2)), the A–S–A BAD (A=Si,Ge) displays a bimodal distribution 
(Fig.  23a) indicative of the two types of connections present in sulfide 
glasses, i.e. ES and CS tetrahedra with typical angles of about 81–83◦
(ES) and 101–106◦ (CS), the latter evolving to lower angles with 
increasing alkali and Group IV atom size, i.e. we found 𝜃=106◦ for the 
Li–Si–S system, and 𝜃=101◦ for the Na–Ge–S system. Noteworthy is the 
fact that the ES connections in the thiophosphate glass are barely visible 
21 
Fig. 24. Calculated population of 𝑄𝑛 species in Li-Si-S (boxes), Na-Si-S (cir-
cles), Li-Ge-S (triangles), and Na-Ge-S (diamonds) glasses as a function of 
modifier composition M2S. The solid lines at low modifier content correspond 
to a statistical speciation model [167] (Eq. (13)) with 𝐾𝑒=0.19. Broken lines 
for 𝑄1 and 𝑄0 serve only as a guide. The 𝑄2 speciation is duplicated in panel 
b.

which signals a reduced statistics, as also described, and confirmed 
below from the ring enumeration. This feature is also evidenced from 
the profile of the correlation function 𝑔𝑃𝑃  (Fig.  21d) which does not 
contain the typical ES peak found in corresponding Group IV glasses 
(e.g. Fig.  13d).

We, furthermore, recover the tetrahedral character for all glasses, 
and this manifests by a sharp peak centered at 𝑎𝑟𝑐𝑐𝑜𝑠(−1∕3)=109.47◦
(Fig.  23c). The BADs involving alkali ions are represented in the other 
panels. Fig.  23d which represents S–Li–S and S–Na–S BADs, indicates 
that the alkali ions are in a defect octahedral geometry given the 
dominant contribution at 80–90◦, and a significant tail at 𝜃 ≃160◦. The 
coordination number of Li, and Na, are, indeed, found to be lower than 
6 (≃ 4–5) which justifies the possibility of such defect geometries, as 
in other chalcogenide materials [166].

We, finally, note that the NBS environment is largely system de-
pendent (Fig.  23e), as all BADs display a different profile but with a 
dominant contribution at 𝜃 ≃80–90◦, corresponding to the dominant 
angle in, e.g. Si-NBS-Na in the 50SiS2 – 50Na2S system.

4.2. Q𝑛 speciation

The present sulfide glasses display the same trend of the 𝑄𝑛 speci-
ation with modifier content as their oxide counterparts [39,40], i.e. a 
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progressive conversion from the base 𝑄4 unit representing the SRO of 
the network former (Fig.  1) to 𝑄3, Q2, etc. upon modifier addition.

We calculate from the amorphous trajectories of the different glasses 
the statistics of such 𝑄𝑛 species with varying composition by enumer-
ating for each given central A atom (A=Si, Ge, P) the number 𝑛 of 
A–S–A linkages within a distance lower than the cutoff-distance 𝑟𝑐 of 
the partial pair correlation function 𝑔𝐴𝐴(𝑟) (e.g. 𝑟𝑐 ≃4.3 Å in Na–Ge–S, 
see Fig.  13d).

Figs.  24 and 25 display such statistics as a function of the network 
modifier M2S (M=Li, Na). In Group IV sulfides (Fig.  24), the global be-
havior reproduces the one determined in the early NMR study [39] on 
alkali silicates, i.e. a maximum is found in the 𝑄3, 𝑄2, Q1 populations at 
𝑥 ≃33 % and 50 %, and 60 %, respectively. Unlike the silicates however 
for which effects of Li, Na and K are important, we find only a small 
alkali size dependence on the statistics which appears to be weakly 
sensitive, indeed, to the nature of the (Ge, Si) and (Li, Na) atoms, except 
a small increase of 𝑄3 and Q2 populations in the Na-Si-S glass (Fig. 
24a). At low modifier content (𝑥 ≤40 %), the 𝑄𝑛 species population 
can be exactly predicted from a statistical speciation model [167] (solid 
lines, Fig.  24) which builds on probability 𝑝𝑛 (𝑛=4, 3, 2) of finding three 
species 𝑄𝑛. Charge conservation leads to : 

𝑅 = 2𝑥
1 − 𝑥

= 𝑝3 + 2𝑝2 (11)

and the definition of an equilibrium constant 𝐾𝑒 = 𝑝2𝑝4∕𝑝23 of the 
reaction [40]: 

2𝑄3 ⟷ 𝑄2 +𝑄4, (12)

leads to an explicit statistics for the species : 

𝑝3 =
𝑅(2 − 𝑅)

1 +
√

(1 − 𝑅)2 + 4𝐾𝑒𝑅(2 − 𝑅)
, (13)

out of which one determines 𝑝2 = (𝑅− 𝑝3)∕2, and 𝑝4 = 1− 𝑝2 − 𝑝3 (solid 
curves in Fig.  24).

In sulfides, the system dependence of the fitted parameter 𝐾𝑒 is 
small, and its average value (𝐾𝑒 ≃0.19) is larger than the 𝐾𝑒 values 
determined for different alkali silicates [39] (0.01–0.08), which in-
dicates an increased depolymerization, and a reduced 𝑄3 population 
in the region 0≤ 𝑥 ≤50 %. The calculated statistics (Fig.  24) also 
appears to be consistent with the populations calculated from previous 
force-fields, either a simple 2-body potential [32] or a ML-derived 
one [36], which all lead to a dominant population of 𝑄2 units at the 
50:50 composition, the fraction being somewhat underestimated for the 
former (35.4%, Table  13). Finally, we note that the calculated statistics 
for the 50SiS2 – 50Na2S (NS) system is very close to the one determined 
from NMR [48], and corresponds to a glass dominated by 𝑄2 species. 
For larger modifier concentrations (Fig.  24b), the population of isolated 
A tetrahedra increases (𝑄0) and becomes the dominant motif at the 
most elevated composition (66 % modifier, Fig.  24b) with a probability 
of about 40–45 %, of the same order as the 𝑄1 species which is the base 
motif of crystalline pyro-thiosilicates or pyro-thiogermanates.

In the lithium thiophosphate (Fig.  25, the calculated 𝑄𝑛 follows the 
same trend as the Group IV sulfides, i.e. the 𝑄4 fraction typical of P2S5
decreases to nearly zero at about 50 % modifier, and closely follows the 
behavior of corresponding oxides (sodium phosphates [157], broken 
curves in Fig.  25) which is found to be similar to the Van Waser theo-
retical distribution [169] which builds on the chemical reaction [154]: 
2𝑄𝑛+Li2S→2𝑄𝑛−1. Consistently, with increasing modifier content, Fig. 
25 suggests the progressive conversion 𝑄4 → 𝑄3 → 𝑄2 → 𝑄1 → 𝑄0, 
rather different from an ideal chemical model [168], and at 75 % Li2S, 
one expects nearly 100 % Q0 as already analyzed from the calculated 
partial correlations (Fig.  21).
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Table 12
Experimental cell parameters, system density (𝑛0, 𝜌0) and main distances of 
different alkali thioaluminate crystals, compared to the present calculated 
values from the BM3PM model in NPT Ensemble at zero pressure, and 100 K. 
The number 𝑁 of particles is indicated for each compound.
 Expt. Model  
 Na5AlS4 𝑃𝑏𝑐𝑎 𝑁=3840 
 𝑎 (Å) 12.01 [84] 12.05  
 𝑏 (Å) 7.05 [84] 7.06  
 𝑐 (Å) 21.56 [84] 21.61  
 𝑛0 (Å−3) 0.043 [84] 0.043  
 𝜌0 (g cm−3) 1.96 [84] 1.95  
 𝑑𝑆𝑖−𝑆 (Å) 2.24–2.27 [84] 2.26  
 𝑑𝑁𝑎−𝑆 (Å) 2.86–2.96 [84] 2.81  
 Li5AlS4 𝑃 21∕𝑚 𝑁=2500 
 𝑎 (Å) 6.86 [165] 6.91  
 𝑏 (Å) 7.84 [165] 7.90  
 𝑐 (Å) 6.25 [165] 6.25  
 𝑛0 (Å−3) 0.059 [165] 0.058  
 𝜌0 (g cm−3) 1.88 [165] 1.84  
 𝑑𝐴𝑙−𝑆 (Å) 2.24–2.29 [165] 2.24  
 𝑑𝐿𝑖−𝑆 (Å) 2.34–2.56 [165] 2.45  

Fig. 25. Calculated population of 𝑄𝑛 species (symbols) in Li-P-S glasses as a 
function of modifier composition Li2S. The solid lines correspond to the pre-
diction of the general chemical order (ideal) model [168], and the broken lines 
are results from MD simulations of corresponding sodium phosphates [157].

4.3. Ring statistics

We have mentioned above the crucial question of the ES population 
that are specific to modified sulfides. Here we address this issue by 
using a ring statistics algorithm which builds on a rigorous investi-
gation of networks generated using simulation (RINGS) code [170]. 
We determine for the different 50:50 systems the fraction of such ES 
motifs and the concentration of small rings of size 𝑛 ≤8 where 𝑛
is the number of atoms belonging to a ring. The algorithm is based 
on the King [94]-Franzblau [171] shortest-path search to find rings 
containing a maximum of 𝑛=8. Results are provided in Table  13 for 
ES-related structures alone (E𝑘 functions) for the 50SiS2 – 50Li2S and 
50SiS2 – 50Na2S glasses, and in Table  14 for all types of rings, and 
other systems.

We first note that in thiosilicates for which a NMR determination 
is available [44,47], the calculated fraction of 𝐸𝑘 functions is close 
to the one obtained experimentally, i.e. we found a E1:E0 ratio equal 
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Fig. 26. A 6-ring (spheres) detected in glassy 50P2S5–50Li2S. Only P (red) and 
S (yellow) atoms are represented.

Table 13
Comparison of the 𝑄𝑛 speciation (0≤ 𝑛 ≤4) and 𝐸𝑘 functions (𝑘=0, 1, 2) 
obtained from the BM3PM model in 50SiS2 – 50Li2S (LS), and 50SiS2 – 50Na2S 
(NS), together with previous results (theoretical or experimental).
 𝑛 4 3 2 1 0 𝐸2 𝐸1 𝐸0  
 LS  
 Present work 1.7 21.8 52.5 22.8 1.2 16.0 84.0  
 Expt (NMR [44]) 50.0 50.0 23.0 77.0  
 FF-MD [32] 7.5 30.6 35.4 20.7 5.8 100.0 
 ML-MD [36] 4.2 14.4 59.6 20.6 1.1 0.3 65.2 34.5  
 NS  
 Present work 1.8 19.8 56.6 20.2 1.6 26.9 73.1  
 Expt (NMR [44,48]) 14.1 69.4 17.4 50.0 50.0  

Table 14
Calculated population (in %) of A atoms (Si, Ge, P) belonging to rings in 
50AS2-50M2S (A=Ge, Si, and M=Li, Na), and 50P2S5–50Li2S. To determine 
the populations, a cutoff of 2.7 Å has been used (minimum of the partial pair 
correlation functions A-S).
 𝑛 4 (ES) 6 8  
 50SiS2–50Li2S 24.0 9.6 1.6 
 50GeS2–50Li2S 31.6 10.2 1.6 
 50SiS2–50Na2S 40.4 5.4  
 50GeS2–50Na2S 37.2 12.6 2.4 
 50P2S5–50Li2S 2.9 14.1  

to 16:84 and 27:73 for the lithium, and sodium glass, respectively, 
whereas NMR suggests 23:77, and 50:50. At this composition of 50 % 
modifier, the network does not contain anymore E2 motifs which are 
usually promoted by the presence of Q4 and Q3 species (Fig.  24a). In 
contrast to earlier numerical studies [32,36] which pointed either to a 
complete absence of small rings (100 % E0) or a dominant population 
of 𝐸1 (65.2%), our result appear, thus, to be fully in line with the 
experimental determination, albeit underestimated.

In the other glasses (Table  14), we find that Na-based systems 
systematically lead to a larger fraction of ES tetrahedra as we found 
40.4% ES, and 37.2% in thiosilicates and thiogermanates, respectively, 
to be compared with 24.0%, and 31.6% for the lithium counterpart, 
respectively. For all Group IV sulfides, larger rings (6≤ 𝑛 ≤8, Fig. 
26) are found as minority motifs (i.e. 12.6% in 50GeS2 – 50Na2S) but 
we note that 6-rings seem to be promoted with increasing atomic size 
(sodium thiogermanates), and such motifs have been also detected in 
corresponding DFT based simulations [18]. Conversely, we note that 
the corresponding thiophosphate glass does not display a tendency 
to form ES connections as the corresponding statistics is found to be 
very small (2.9%), consistently with the P-S-P BAD (Fig.  23a), and the 
absence of P-BS-P linkages. The population of 6-rings is of the same 
order as the one found in the other glasses.
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Fig. 27. Si-BS, P-BS (red) and Si-NBS, and P-NBS (blue) bond distributions in 
glassy 50GeS2–50Li2S (solid curves) and 50P2S5–50Li2S (broken curves.

4.4. BS and NBS bonds

We, finally, investigate the bonding properties of sulfur atoms of 
the different glass systems. Fig.  27 represents the A-BS (red, with 
A=Ge,P) and A-NBS (blue) bond-distance distribution for two select 
glass systems, 50GeS2–50Li2S, 50P2S5–50Li2S. We find a bond length 
difference between the distributions, i.e. the average Ge-BS and Ge-
NBS distances are found to be 2.28 Å and 2.18 Å in the Ge-S-Li system, 
which is of the order of the one determined in amorphous [172,173] or 
crystalline silicates [174,175]. For the other system represented in Fig. 
27 (P-S-Li), we find an increased bond length difference with average 
P-BS and P-NBS distances of 2.15 Å, and 1.90 Å, respectively. These 
features are systematically observed in variety of materials, including 
for the recently examined Li2S-SiS2 glass [32]. In the literature, the 
origin of this difference has been assigned to the influence of the alkali 
ions on the neighboring charges and the Si–NBS iono-covalent character 
of the bonding that modifies the electronic structure of next neighbor 
A atoms.

Recently, the origin has been completely solved from an analysis 
of the charge density [18], and the nature of the chemical bonding 
which reflects a delicate balance between electron localization on the 
atomic sites involved in ionic bonding and electronic delocalization, 
i.e., covalent effects. The bond length difference has been found to 
result from the non directional character of the NBS-M bond (M=Li, 
Na), the electronic density of NBS atoms pointing essentially towards 
the close A atom with a relatively well-defined depletion of the valence 
charge. This feature has been found to be at variance with the electronic 
characteristics of the BS atoms for which the p orbitals contribute to 
the deformation of the valence charge in a direction perpendicular to 
an A-A line connecting two CS tetrahedra, and which involve a reduced 
charge depletion.

5. Summary and conclusion

Here we have introduced and discussed the possibility to model 
numerically sulfide glasses and crystals using molecular dynamics simu-
lations. The number of available force-fields published in the literature 
remains small as compared to corresponding oxide glasses.

We have built on an approach [65] successfully applied to oxides in 
order to provide the force field parametrization of different modified 
binary sulfide glasses and crystals containing a network former (SiS2, 
GeS2, P2S5, Al2S3, . . . ) and network modifiers, i.e. alkali (essentially 
Li2S and Na2S), and alkaline earth sulfides (MgS, CaS, BaS). The ap-
proach builds on 1) a minimization of the spread of crystallographic 
data within the GULP method, and 2) on the minimization of another 
spread (the so-called Wright parameter) comparing calculated and 
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experimental structure factors 𝑆(𝑘) in glasses. We have used a Born–
Mayer potential together with a 3-body angular interaction, termed as 
the BM3PM model. While the former interaction permits to reproduce 
qualitatively [32] a certain number of structural properties such as 
coordination numbers and an overall network depolymerization (quan-
tified via the 𝑄𝑛 speciation) with increasing modifier content, this 
simple 2-body parametrization leads a rather poor agreement with the 
experimental structure functions for certain 𝑟 and 𝑘 ranges (pair corre-
lations, structure factor), and does not reproduce the salient features of 
sulfides, and more generally chalcogenides. Among such properties, we 
had previously noticed [32] that such simple BM potentials do not lead 
to the possibility of having both ES and CS tetrahedra which are well 
documented from NMR and Raman spectroscopic studies. The inclusion 
of a 3-body term that severely constrains (𝜃0=0) the angular interaction 
not only permits to obtain such motifs as revealed from the resulting 
bimodal Si–S–Si bond angle distributions with ES and CS contributions, 
but also leads to an accurate reproduction of the structure factor and 
the FSDP region at low 𝑘 vector.

We have then extensively checked the parametrization of the
BM3PM model for different binaries at different compositions in-
cluding SiS2–M2S (M=Li, Na), SiS2–M’S (M’=Mg, Ca, Ba), GeS2–M2S 
(M=Li, Na), GeS2–M’S (M’=Mg, Ca, Ba), P2S5–M2S (M=Li, Na), both 
in the crystalline and amorphous phases. Results reveal an agreement 
with experiments that ranges from excellent (e.g. GeS2–Li2S) to good 
(e.g. P2S5–Na2S), depending on the nature of the network former and 
the modifier cation. The reasons of the system-dependent level of 
accuracy of the BM3PM model quantified by the Wright parameter 𝑅𝑋
are not fully understood at this stage. We conjecture that there might 
be intrinsic limitations of the used functional form unable to capture 
certain features related to chemistry such as e.g. chemical bonding, 
alkali size effects, but we cannot fully discard the need to have accurate, 
and reliable experimental data for various glass compositions in order 
to improve the optimization process of the force-field parameters.

When the comparison is possible, the resulting structural BM3PM 
models are fully consistent with select ab initio data on thiogermanates, 
and thiosilicates which provide the partial correlations in real space, 
and also display a combination of ES and CS tetrahedral connections, 
the former being disrupted by the network depolymerization. For select 
cases (thiosilicates, thiophosphates), the BM3PM model can be com-
pared with reported classical MD, ML-MD and ab initio results, and it 
is found that our parametrization leads to an improved reproduction of 
the structural properties.

Having established this first systematic computational effort on an 
important class of sulfide materials, future directions and extensions 
can be sketched. For select systems (e.g. Na2S-P2S5), there will be 
need to improve the parametrization either by considering alternative 
popular functionals (Morse, Stillinger–Weber), additional interactions 
involving e.g. the alkali cation, or by targeting more compositions 
for which experimental data are available in order to constrain the 
parameter space. For other systems, there is clearly need to accumulate 
new experimental data on structural or mechanical properties, the 
latter being crucial for optimized fitting strategies within the GULP 
approach.

Regarding other directions of inquiry, one might use such models 
to investigate crystallization and crystallization kinetics including with 
e.g. prepared germs. For e.g. the Ca-Ge-S system which has a melting 
temperature of about 2000 K, we have verified that on the nanosec-
ond scale a crystal–liquid interface remains stable at a somewhat 
lower temperature. As in many other disordered systems (See however 
Ref. [176]), the caveat is the limitation of computer timescale (typi-
cally 10 ns) so that a complete crystallization might not be accessible 
numerically as in other chalcogenides (GeTe or Ge-Sb-Te) prone to 
crystallization [177]. On the other hand, the investigation of interfaces 
at low temperature such as those involved in glass ceramics [38] might 
well represent a natural and future extension of this work and results. 
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