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Abstract: First-principles molecular dynamics (FPMD) calculations were performed on liquid GeSey4
with the aim of inferring the impact of dispersion (van der Waals, vdW) forces on the structural
properties. Different expressions for the dispersion forces were employed, allowing us to draw
conclusions on their performances in a comparative fashion. These results supersede previous
FPMD calculations obtained in smaller systems and shorter time trajectories by providing data of
unprecedented accuracy. We obtained a substantial agreement with experiments for the structure
factor regardless of the vdW scheme employed. This objective was achieved by using (in addition
to FPMD with no dispersion forces) a selection of vdW schemes available within density functional
theory. The first two are due to Grimme, D2 and D3, and the third one is devised within the so-called
maximally localized Wannier functions approach (MLWEF). D3 results feature a sizeable disagreement
in real space with D2 and MLWEF in terms of the partial and total pair correlation functions as well
as the coordination numbers. More strikingly, total and partial structure factors calculated with D3
exhibit an unexpected sharp increase at low k. This peculiarity goes along with large void regions
within the network, standing for a phase separation of indecipherable physical meaning. In view
of these findings, further evidence of unconventional structural properties found by employing
D3 is presented by relying on results obtained for a complex ionic liquid supported on a solid
surface. The novelty of our study is multifold: new, reliable FPMD data for a prototypical disordered
network system, convincing agreement with experimental data and assessment of the impact of
dispersion forces, with emphasis on the intriguing behavior of one specific recipe and the discovery
of common structural features shared by drastically dissimilar physical systems when the D3 vdW
scheme is employed.

Keywords: dispersion forces; first-principles molecular dynamics; chalcogenides; disordered
networks; liquid and glassy systems; density functional theory

1. Introduction

Disordered systems can play a benchmark role in assessing the sensitivity of structural
properties to the inclusion of dispersion forces (van der Waals, vdW hereafter) within the
Kohn-Sham formulation of the density functional theory (DFT) [1]. By focusing on the
family of chalcogenides, it is worth starting by quoting the seminal paper devoted to liquid
Gey5Tegs, in which it was proposed that more realistic pair correlation functions and struc-
ture factors could be achieved by including vdW corrections [2]. Similar considerations
were also developed later for liquid and amorphous GeTe [3,4]. However, it should be
recognized that, despite their intrinsic validity, these contributions were more instrumental
in opening a lively debate on the need of adding vdW corrections than in assessing their
quantitative importance to improve the cohesive properties of disordered chalcogenides.
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For instance, some criticism on the general validity of the various dispersion force schemes
was advanced in Ref. [5], stimulating a lively debate on the conceptual foundations un-
derlying the inclusion of dispersion forces in DFT calculations. Advances in this direction
were also obtained by our team, most significantly on liquid GeSe; and glassy GeTey, by
using different vdW schemes within first-principles molecular dynamics (FPMD) [6-9]. We
refer to Ref. [9] for a comprehensive account of what happens in the case of glassy GeTey
when as many as four different strategies are employed to unravel the structural properties
of this system under the effect of dispersion forces.

For the purpose of this paper, the theoretical frameworks leading to a treatment of
vdW interactions can be listed as belonging to two distinct approaches. More precisely,
the theoretical expression due to P. Silvestrelli [10-13] (making use of maximally localized
Wannier functions, MLWF hereafter) is based on the update of the dispersion coefficients
according to the time evolution of the electronic structure. This differs markedly from the
so-called D2 and D3 recipes proposed by Grimme [14,15] featuring vdW contributions
skillfully extracted from a large set of reference calculations but not sensitive to changes in
the electronic structure during the dynamical evolution and, as such, not updated along a
dynamical simulation.

A thorough study of the effect of dispersion forces on the structure of glassy GeTey
revealed that the MLWF approach has optimal performances both in terms of comparison
with experiments and realistic deviation from DFT structural data not including disper-
sion forces [9]. However, in a quite general fashion, the impact of vdW contribution on
the atomic structure of disordered A B;_4 chalcogenides remains moderate although not
negligible, especially for small A, concentrations. The question arises whether the indi-
cations previously reported for disordered chalcogenide systems also apply in the case
of liquid GeSy, for which the only available FPMD data are limited to a system made of
n =120 atoms with only 24 Ge atoms [16]. Collecting new structural data on a larger system
is by itself a valuable outcome, since the statistical accuracy of Ge-related properties cannot
be firmly assessed for a periodic structure containing such a limited number of atoms for
one species. In addition to this update on structural properties, obtained by employing a
simulation cell of n = 645 atoms, we are also in a position to follow the behavior of various
structural properties when different dispersion recipes are adopted, this novel and quite
exhaustive result contributing to a precise understanding of the impact of dispersion forces
on the structure of disordered chalcogenides. We stress that no FPMD data are available
on this issue for liquid GeSe4 and, in general, there are only a few for analogous liquids.
Most importantly, the account of several vdW schemes goes beyond the mere inclusion
of an additional part within DFT, since it allows us to infer the advantages and limits of
several approaches in a comparative fashion. Besides our previous work on glassy GeTey,
no results of this kind (i.e., several vdW schemes for a single disordered chalcogenide
system) exist in the literature.

1.1. Motivation: Why Two Targeted Cases?

As stated in the introduction, our original motivation was to elucidate the role played
by the dispersion contributions on disordered chalcogenides by focusing on liquid GeSey.
Moreover, this task has been accomplished for a much larger system than the one employed
in previous calculations. However, the goals of this work have somewhat been extended
due to the appearance of peculiar and totally unexpected structural features obtained for
liquid GeSe4 when considering a specific vdW recipe, namely, D3. This prompted us to
include in our FPMD computational effort a second disordered system, specifically an ionic
liquid lying on a WSe; substrate (see Section 4.1), for which vdW interactions are expected
to be more important than in the case of liquid GeSe4 and contribute to the structure of the
composite liquid—solid interface. This system exhibits structural anomalies (when using
vdW-D3) sharing some similarities with liquid GeSey, conferring on our findings a more
general and instructive character. An account of this second system in the framework of a
D3 calculation is the object of Section 4.1, to be considered as a complement to a study that
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remains largely devoted to liquid GeSey. In view of the non-conventional atomic structures
encountered for liquid GeSeq with D3, we are convinced that such addition is of compelling
importance to rationalize a phenomenon not limited to a single case.

Having specified the genesis and the evolution of our goals in conceiving this paper,
it is worthwhile to point out that our primary purpose (FPMD calculations on liquid
GeSe4 and sensitivity to the vdW forces) has been achieved by relying on three different
theoretical schemes for the inclusion of vdW forces: D2, D3, and MLWE. One crucial issue,
discussed in former papers [6,9], is their capacity not to alter artificially the basic structural
organization (well known for being made of cross-chained GeSey tetrahedra connected to
Sen chains) while improving the agreement with experiments. There is no contradiction
between introducing dispersion forces and expecting as a return only moderate changes
in the structure. Indeed, vdW contributions have proved to be not essential to ensuring
cohesion in disordered chalcogenides and yet their contribution can be non-negligible.

1.2. Focusing on Liquid GeSey as Main Structural Target: Reviewing Previous Results

Back in 1998, GeSe4 was one of the first non-oxide systems selected for a study of
structural properties in disordered networks by FPMD [16]. In that study, the purpose
was to describe at the atomic scale a liquid chalcogenide featuring Se atoms arranged in
two distinct motifs, GeSe, tetrahedra and Se,, chains. The different nature of chemical
bonding for Se atoms in these configurations is predominantly ionic, due to GeSey tetrahe-
dra, or covalent, as arising from Se,, chains. This composite scenario called for the use of
FPMD as a predictive approach to be preferred to classical molecular dynamics based on
interatomic potentials. Within the Ge,Se;_y family of systems, the concentration x = 0.2
emerged as worth dwelling on, since it marks the boundary between two elastic behaviors
well known within phenomenological pictures. The existence of this boundary stems from
the equality between the number of constraints and the number of degrees of freedom, and
it was later reconsidered by introducing the notion of intermediate phase and structural
variability [17-19].

On the side of FPMD, intense efforts have been deployed since to describe the glassy
structure for x = 0.2 in various kinds of chalcogenides, GeSe4 being highly representative
because of the availability of experimental data. For instance, two system sizes (1 = 120
and n = 480) were used for a comparative study between GeSes and GeS, [20]. Worth
mentioning are also the structural analyses of GeSe4 and SiSey4 in connection with the notion
of intermediate phase [21] as well as the account of several exchange—correlation functionals
in the case of GeSey reported in Ref. [22]. Overall, the absence of phase separation between
GeSe4 and Se,, subnetworks [23,24] stands as an important outcome of FPMD calculations
on glassy GeSey.

Here, we have produced FPMD trajectories for a system much larger than the one used
in 1998 (n = 645 atoms) by obtaining robust time averages for the macroscopic properties.
It should be noted that several GeSey liquids were produced in the past at glass densities
as initial steps of thermal cycles targeting the glassy phase [20]. However, as such, they
were never exploited to obtain information on the corresponding atomic structure. This
paper fills this gap by showing that liquid GeSey4 is made of a predominant number of
corner-sharing connections in which Ge atoms are mostly fourfold coordinated with Se
atoms, even though there are also about 10 per cent of them that have 3 Ge and one Se
atoms in the first shell of coordination. The Se subnetwork is composed of a large majority
of twofold-coordinated Se, three coordination motifs being observed: Ge-Se-Ge, Ge-Se-Se,
and Se-Se-Se. By leaving aside the specific case of the vdW recipe D3 [15], the results
showed little sensitivity to the dispersion scheme employed, legitimating the use of a
FPMD prescription that does not include any dispersion correction.

2. Liquid GeSe4 by FPMD: Calculation Methodology

Our calculations are based on the Car—Parrinello FPMD methodology (CPMD, im-
plemented in the corresponding CPMD code [25]) that we have extensively employed
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for chalcogenide glasses since the late nineties. For a collection of examples and detailed
information on the methodological ingredients of FPMD applied to amorphous/glassy
structures, see Ref. [26].

The system is made of 645 atoms (Nge = 129, Ng. = 516) in a cubic periodic box with
edge 28.03 A to reproduce the experimental density [27]. The initial coordinates were
extracted from previous simulations on disordered chalcogenides and adequately random-
ized to lose memory of the initial conditions. DFT was implemented within the FPMD
scheme by adopting BLYP as the generalized gradient correction (GGA). BLYP consists of
the exchange functional by Becke [28] and the correlation functional by Lee et al. [29]. This
choice is well suited for disordered chalcogenides since it increases electronic localization,
thereby remedying drawbacks found when the uniform electron gas is taken as the ref-
erence system. As customarily used in CPMD applications, we employed a plane-waves
basis set, for which convergence is ensured in a range of representative properties (inter-
atomic distances, frequencies, cohesive energy) with an energy cutoff of 40 Ry (544.23 eV).
The Brillouin zone integration is restricted to the I' point, as appropriate for insulator or
semi-conductor disordered systems. Thermostats on the ionic (R;) and fictitious electronic
degrees of freedom ¢; (the index ! running on all electronic eigenstates) were implemented
via the Nosé-Hoover scheme [30] extended to the electronic wavefunctions by Blochl
and Parrinello [31], allowing for efficient separation of these two families of degrees of
freedom. In this way, adiabaticity is ensured, i.e., no transfer of energy between R; and ¢;,
with ¢; lying dynamically close to the Born—-Oppenheimer surface. An example of such
realization is given in Figure 1. The fictitious mass associated to ¢; is equal to u = 1000 a.u.
Values for the masses of the thermostats (in units of corresponding frequencies) are taken
equal to 300 cm ™! for the ions and in the range 500-700 cm ™~ for the fictitious electronic
degrees of freedom.
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Figure 1. Left side: behavior of the mean square displacement for liquid GeSe4 at T = 1073 K.
Right side: total kinetic energy for the ionic (top part) degree of freedom and the fictitious electronic
degrees of freedom (bottom). Without loss of generality, we are referring here to FPMD calculations
performed within the MLWEF scheme for the dispersion forces.

Prior to the CPMD runs bringing the system to a high temperature, the initial configu-
ration is relaxed to a structural local minimum. This allows extracting the residual thermal
energy by providing an atomic arrangement characterized by negligible forces with the
corresponding electronic structure very close to the ground state. For CPMD simulations,
the realization of such initial “time 0 configuration” (TOC) is an unavoidable prerequisite
before moving to finite temperature simulations. Each one of the four dispersion schemes
applied within DFT-FPMD (no inclusion of vdW effects, termed No-vdW, D2, D3, and
MLWE; see below for further details) starts from TOC with runs of equal lengths at the
different temperatures. These are carried out by implementing a thermal cycle with the
ionic thermostat bringing the system in sequential steps to T =300 K, T = 600 K, T = 900 K,
and T = 1073 K, each step lasting at least 30 ps.

The reliable realization of the CPMD scheme and the significance of the phase space
sampling can be recognized by monitoring relevant quantities such as temperatures (ionic
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and fictitious) and mean square displacements, as shown in Figure 1. Two features are
worthy of note. Both Ge and Se atoms cover distances corresponding to several interatomic
spacings, pointing out the effective randomization and loss of any memory of the initial
configuration. Moreover, the instantaneous temperature (kinetic energy) associated with
the ionic degrees of freedom R; is well above that of the fictitious electronic degrees of
freedom ¢, thereby ensuring adiabaticity. The results presented in what follows have been
obtained as averages over at least 20 ps at T = 1073 K. For reasons that will be commented
upon in Sections 3 and 4, a second trajectory was produced for the D3 case starting from
the end of the D2 one and lasting 30 ps. The results for the two D3 trajectories will be
clearly identified by different colors in the figures and by the labeling of D3(A) and D3(B)
in the tables.

Dispersion Forces within First-Principles Molecular Dynamics

In this section, we shall briefly review some basic notions concerning the treatment
of dispersion forces within DFT-based FPMD methods. Here, we consider uniquely the
case of dispersion effects treated as a quantity separable from the main body of the Kohn-
Sham Hamiltonian and linearly added to it, adopting the expression C¢/ rl.6]., with 7;; the
interatomic distances between a pair of atoms i and j. By following S. Grimme and his
original formulation termed “D2” [14], the dispersion contribution to be added to the total

energy takes the form
Natoms CZJ

vdW = —5¢ 2 /6 fdamp rz]) 1)

i,j>i 11

where Cg is the coefficient for the atom pair i and j parameterized by quantum chemi-
cal calculations performed purposely on a wide set of training systems, s4 is a scaling
factor depending on the type of exchange—correlation functional used in these calcula-
tions, and f,) is a suitable damping coefficient. We have employed the D2 methodology
to understand the impact of dispersion forces on chalcogenides for the cases of glassy
GeTey [7-9], liquid GeSe; [6], glassy GeSey, glassy GeSy4 [32], and glassy Ga1oGeysTezs [33].
Along the lines pioneered with D2, Grimme and coworkers later proposed a refinement,
named “D3”, including also an additional energy correction complementing the formula
in Equation (1), termed E®, and consisting of a three-body interaction as derived from
the third-order perturbation theory [15]. This extended vdW correction has been pointed
out as affected by “less empiricism”. D3 aims not only at being used in connection with
several exchange—correlation functionals but also features improvements in terms of cost
and robustness. These ideas are claimed to provide unprecedented performances for the
treatment of dispersion forces. However, a common feature of both the D2 and the D3
schemes is that they are not intended to account for on-the-fly changes in the electronic
structure with time. D3 calculations have been performed for glassy GeTey [9]. We found
D3 in better agreement with experiments than D2, confirming the prediction of its less
empirical character.

In addition to D2 and D3, in this study we also pursued the application of an alternative
recipe for the dispersion forces due to P. L. Silvestrelli [11,12]. This approach makes use of
the maximally localized Wannier functions (MLWF) w;, (r) [10]. Accordingly, the coefficients

Cg of Equation (1) take the following form (with indices 7, I at the place of 7 j):

o= 3 [ & oy 0w () b))
327372 Jirj<r. - Jiel<re wa(r) +wy(r)

The advantage of Equation (2) is its dependence on the localized character of w;, (r) since,
in principle, the expression based on the local electronic density p,(r) is written as

3 Pn( Joi(r )
Cll= o [ dr [ 3
¢ 202 e il \ou(®) + Vou(r ®
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but it is affected by the lack of a rigorous local definition for the total electronic density,
particularly when non-localized basis sets, such as plane waves, do not allow for an unbi-
ased partitioning of the density. Equation (2) is the appropriate tool to include information
on the electronic structure in the dispersion coefficients without the need to go through
more cumbersome treatments of the long-range interactions. An additional simplification
in handling the MLWFE is that the electronic structure information can be reduced to four
numbers, the position (x,y,z) of the MLWF center of mass (Wannier function center, WFC),
and its spread, which allow for an analytical formulation of the functions w,(r) and thus
an easy implementation of Equation (2) [11-13]. We stress that this implementation based
on localized orbitals allows following small electronic effects due to changes in the atomic
configurations, readily affecting the values taken by the dispersion coefficients. The MLWF
approach has been applied to the case of liquid GeSe; [6], glassy GeTey [8], glassy GeSey,
and glassy GeSy [32] in the framework of a comparative analysis with the D2 and D3
(GeTey4 only) methodologies. In the case of GeTes, MLWF was found to be a good choice by
limiting artifacts when the changes due to dispersion forces are expected to be small.

3. Liquid GeSey4: Results

In the present section, we obtain new benchmark reference data for liquid GeSey
by exploiting a larger system (1 = 645 atoms). In this way, our results have a much
higher statistical accuracy when compared to those of Ref. [16] obtained with n = 120.
Moreover, in view of the agreement obtained in Ref. [16] between FPMD results and
available experimental data, we organize this section by pursuing a comparison among the
different dispersion schemes, with the scope of understanding how different formulations
of the vdW interaction can impact the corresponding structural properties. Results in real
space are presented first, followed by results in reciprocal space.

3.1. Real-Space Results

Figure 2 shows the partial pair correlation functions gge-Ge(r), 8Ge-se(t), and gse-se(r)
calculated with the different vdW schemes, the comparison including the No-vdW results
of Ref. [16] (n = 120) and the new set of data produced in the present study (1 = 645).
As a first consideration, and leaving aside for the moment the D3 results, it appears
that gge-se(r) and gse-se(r) show very little sensitivity to the presence of dispersion forces,
exhibiting very similar peak positions and intensities. Moreover, gge-se(r) and gge.se(r) are
not markedly affected by the larger size of the system, showing that the basic features of
the network (GeSey tetrahedra and Sep, chains) were already sufficiently well described
in the n = 108 model. These statements are supported by the analysis presented in Table 1,
containing information on the network topology as obtained via the partial coordination
numbers relative to the interaction of a given atom with neighboring atoms of the same
or a different species (ngg and n(Sfe for Ge, ng;: and ngg for Se). Table 1 also provides the
total coordination number of a given species resulting from the sum of the above partial
coordination numbers nf%! = n&¢ + n2¢ and n'd! = n§e + ng’.

The situation changes drastically when focusing on gge-ge(r) and the corresponding
coordination numbers. Visual inspection of Figure 2 reveals that the new set of No-vdW
data is much less noisy than the one obtained in 1998, exhibiting a larger number of
corner-sharing (CS) connections (peak around 3.6-3.8 A) and only a small shoulder at
interatomic distances typical of edge-sharing (ES) connections (around 3.2 A). While the
analysis of Ref. [16] points toward very close numbers of CS and ES connections (49% of
Ge atoms part of fourfold rings were reported in Ref. [16]), we found only 20% of Ge atoms
in ES motifs, showing that a more extended statistical sampling has a remarkable effect
on the minority species Ge. Another interesting feature associated with the new No-vdW
results is the presence of a discernible number of homopolar Ge-Ge bonds, leading to
coordination numbers close to 0.2, four times more than in Ref. [16], where this quantity
was not explicitly reported. This result is in line with the presence of Ge atoms that do not
form tetrahedral connections with Se atoms. Focusing on the comparison among gge-Ge(r)
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pair correlation functions for different dispersion recipes, the profiles for the No-vdW,
D2, and MLWEF results are globally close, a higher peak at ~3.8 A being recorded for D2.
Variations are also minimal when looking at the coordination numbers of Table 1.
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Figure 2. Calculated partial pair correlation functions for liquid GeSey. Haye (1998) stands for Ref. [16].

Table 1. Coordination numbers of liquid GeSey calculated with the various schemes for the dispersion
forces detailed in the text. The values have been obtained by integrating the partial pair correlation
functions up to the first minima.

No-vdW 0.19 3.65 3.84 091 1.09 2.00
D2 0.19 3.65 3.84 091 1.09 2.00
D3(A) 0.09 3.56 3.65 0.89 1.18 2.07
D3(B) 0.03 3.68 371 0.92 1.10 2.02
MLWF 0.19 3.68 3.87 0.92 1.08 2.00

When compared to the cases of No-vdW, D2, and MLWEF, the results corresponding
to the application of D3 are peculiar for all partial pair correlation functions, although the
differences noticeable in the gge-se(r) case are less striking (a less intense first peak and first
minimum, together with an overall flatter shape for the profile at larger distances). For
all schemes, the coordination numbers n‘g relative to the Ge-Se mutual environments are
close to the values pertaining to a chemically ordered network, % = 4and n$¢ =1 but
the deviations are larger for the D3 case: n, = 3.56 and n§¢ = 1.18. Anomalies in the
behavior of D3 appear also in the pattern of gse se(r), characterized by a less profound first
minimum, whereas No-vdW, MLWE, and D2 are nearly identical, this latter differing only
by the height of the second peak.

Overall, the picture arising from this first set of comparisons involving our four
distinct FPMD calculations can be summarized by noting that D3 behave differently from
No-vdW, D2, and MLWE, the resemblance of these three approaches being a first indication
of the low sensitivity of liquid GeSey to the inclusion of dispersion forces. The total pair
correlation function (Figure 3) reflects these results, exhibiting a less pronounced profile
at short distances for D3 and differences among No-vdW, MLWE, and D2 limited to the
height of the second peak.
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Figure 3. Total pair correlation function for liquid GeSey.

The network topology can also be described in terms of the bond-angle distribu-
tions (BAD) (Figure 4) indicating a predominant tetrahedral arrangement within the
GexSeq_x family. In the Se-Ge-Se case, one recognizes the peak around 108° due to the
inter-tetrahedron Se-Ge-Se connections. Variations in the intensity amount to 10% at most,
with the highest and the lowest values corresponding to D2 and D3, respectively.

Haye (1998) ---------

3 No-vdW —— i
D2 ——
D3(A)
D3(B)

2 MLWF ———| i
5
s 1 7
.5 SeGeSe
2 0
@
2 L i
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1L i

0 .

0 180

Angle (°)

Figure 4. Bond-angle distribution functions (BAD) for liquid GeSey4. Haye (1998) stands for Ref. [16].

The Ge-Se-Ge BAD is more insightful in capturing the changes occurring when con-
sidering the present 1 = 645 system (No-vdW results) in comparison to the results obtained
with the smaller model of Ref. [16] obtained with short time trajectories. As expected on
the basis of the shape of the pair correlation functions, we do have a profile with a second
peak, due to CS connections, higher than the first one, resulting from ES connections. The
correspondence between the kind of connectivity and the range of angles has been firmly
established in the past for other Ge-Se systems [26] and can be exploited here to conclude
that CS connections are predominant, the majority of ES linkages found in Ref. [16] arising
from insufficient statistical sampling. D3 calculations are more intriguing in this context,
since the double-peak structure is not clearly defined, as if the network were lacking a
regular pattern of well-distinct CS and ES connections.
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As a final piece of information on the network structure, Tables 2 and 3 provide the
individual structural units, giving the percentages of Ge or Se atoms onefold coordinated
to other atoms. For instance, Ge-GeSes stands for a Ge atom connected to four neighbors,
three Se atoms and one Ge atom; GeSe4 means a Ge atom connected to four Se atoms; and
Se-GeSe; stands for one Se atom with one Ge atom and two Se atoms as nearest neighbors.
In Table 2, more than 80% of Ge atoms are found in fourfold coordination for No-vdW,
D2, and MLWEF calculations, either with four Se atoms or with one or two Ge atoms and
three or two Se atoms. This is consistent with a sort of enhanced dynamical disorder
disrupting a chemically ordered tetrahedral network, bound to be restored upon annealing
at lower temperatures as observed for glassy GeSes and GeSy [20]. Threefold Ge atoms are
a minority accounting for less than 10%. Along the same lines, Table 3 provides evidence
for twofold connections being the most frequent in the Se case, distributed among Se-Se-Se,
Se-Se-Ge, and Ge-Se-Ge connections. However, while No-vdW, D2, and MLWEF calculations
give as many as ~88% of twofold-coordinated Se atoms, these percentages reduce by about
10% in the D3 case.

Table 2. Structural units composing the Ge-based subnetwork of liquid GeSe4. The values given are
the percentages of Ge atoms connected in onefold, twofold, threefold, fourfold, and fivefold fashion,
the chemical nature of the different neighbors being specified in the second column.

Ge(%) No-vdW D2 D3(A) D3(B) MLWF

=1 Se 1.1

1=2 Se; 3.2 3.5 8.8 7.2 2.8

1=3 Ses 9.4 7.9 16.3 15.5 8.3
GeSe, 1.1 1.2

1=4 Sey 69.3 70.9 62.7 70.6 71.4
GeSe; 11.9 12.7 6.1 2.5 11.7
GesSe; 2.4 1.9 2.5

1=5 GeSey 1.1 2.6 29 1.3

Table 3. Structural units composing the Se-based subnetwork of liquid GeSey. The values given are
the percentages of Se atoms connected in onefold, twofold, and threefold fashion, the chemical nature
of the different neighbors being specified in the second column.

Se(%) No-vdW D2 D3(A) D3(B) MLWF
1=1 Se 3.7 32 49 5.8 33
Ge 24 21 32 3.6 2.3
1=2 Se; 29.4 30.1 27.0 26.5 29.5
Gey 233 23.7 18.9 22.0 23.9
GeSe 35.0 35.5 31.9 315 35.6
1=3 GeSep 25 23 53 4.0 2.0
Ge;Se 1.5 1.2 32 2.8 1.3
Ses 1.6 1.4 3.6 24 1.4
Ges 1.1

We can summarize the analysis of the structure in real space by stating that longer runs
and a larger system (improving upon the statistics of Ref. [16]) modify the relative number
of ES and CS connections in favor of these latter. Moreover, the inclusion of dispersion
forces does not appear to alter significantly the structural properties when referring to
the D2 and MLWF approaches. More puzzling is the behavior of the pair correlation
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functions, bond angular distribution, and the counting of structural units resulting from
the use of the D3 scheme. The atomic structure in this case departs from a network made
of Ge tetrahedrally connected and Se either connected in tetrahedra or arranged in chains.
These basic motifs persist and yet they are less predominant as if extra contributions to
chemical bonding had a stronger influence. Given these conclusions and the availability
of experimental data [27] in reciprocal space (the total neutron structure factor Siot(k)
employed in Ref. [16] to substantiate our previous FPMD calculations), a comparison of all
results for Sot(k) is particularly insightful.

3.2. Reciprocal-Space Results

The total neutron structure factor Siot(k) of liquid GeSey, obtained by linear combina-
tion of the partial structure factor by accounting for the coherent neutron scattering lengths
and the concentration of the two species is shown in Figure 5. For the partial structure
factors, we provide the result corresponding to the integration from real space of the pair
correlation function up to the largest available range. This result was found to be less
affected by statistical noise than the direct calculations in reciprocal space, as detailed in
the literature [26]. The essence of the conclusions presented hereafter are by no means
depending on this choice, mostly adopted for the sake of clarity. Siot(k) resulting from
the various dispersion schemes agrees well with the previous results of Ref. [16] and the
experimental data of Ref. [27] provided one refers to the range of values of k larger than
2 A=V in reciprocal space.

1.5
1 -
Exp.
- Haye (1998) 1
05 No-vdW ——
L D2 — i
D3(A)
D3(A)
i MLWF ——
0 ! ! ! ! | ! ! ! ! | ! ! ! !
0 5 10 15

(AT

Figure 5. Total neutron structure factor of liquid GeSey. The experimental data are those of Ref. [27].
Haye (1998) stands for Ref. [16].

However, two notable exceptions can be remarked at lower k. The first one is the
strong disagreement recorded around 1 A~1 when using D3 (for both D3(A) and D3(B)
trajectories) as if the intermediate range order typically manifesting itself via the presence
of a peak around 1 A~! were absent. The second, more surprising, is the appearance of
an outstanding feature detectable at very low values of k in the D3 cases. The profile of
Stot(k) moves sharply upwards for k going to zero, as also clearly recognizable via the
decomposition in terms of the partial structure factors (Figure 6).

While some kind of unexpected increase at k~0.2-0.4 A~1isalso present for Sge-ge (k)
in the MLWF and D2 cases, indicating a form of unforeseen correlations involving the Ge
subnetwork, D3 is the only dispersion scheme exhibiting this pattern in the three partial
structure factors Sge-Ge(k), Sge-se(k), and Sse-se (k). For the D3 case, such a sharp increase
common to the three partials is at the very origin of its appearance in St (k), since the
weight of Sge.Ge(k) is the smallest among the three and has a vanishing impact for No-vdW,
D2, and MLWEF calculations.
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Figure 6. Partial structure factors for liquid GeSe4 obtained via integration of the partial pair
correlation functions.

It is appropriate at this point to legitimate a posteriori the production of a second
D3 trajectory (D3(B) as anticipated in the methodology section) to prove or disprove the
indications of the first and wipe out any ambiguities that could arise from conclusions based
on a single trajectory. Globally, D3(B) gave the same results as D3(A) (see Figures 5 and 6).
Based on these pieces of evidence, our first conclusions indicate rather clearly a quite
peculiar and intriguing behavior characterizing all atomic correlations (Ge-Ge, Se-Se, and
Ge-Se) for D3 when analyzed in reciprocal space, contributing to what can be observed in
Figure 5 for St (k).

4. Discussion

A direct visual inspection of the structures obtained for the different dispersion recipes
reveals some macroscopic effects consistent with the peculiarity exhibited by D3. Figure 7
is insightful in this respect. While the snapshots extracted from No-vdW, D2, and MLWF
trajectories exhibit a fully homogenous arrangement in space, the snapshot relative to D3 is
indicative of an inner phase separation. This phenomenon, in addition to being difficult
to grasp on physical grounds, bears no resemblance to the phase separation between
GeSey and Se,, subnetworks hypothesized in the past and is not substantiated by any
FPMD calculations [21-24]. The puzzling evolution of the trajectory generated via D3(A) is
confirmed when starting from a different initial configuration (final configuration of the D2
trajectory) and performing an additional 30 ps trajectory (D3(B) results). A comparison of
the two topologies is provided in Figure 8. The second D3 trajectory, generated from an
entirely different initial configuration (D2), witnesses the persistence of and the increase in
a large region inside the system essentially devoid of atoms. Overall, this topology gives
rise to correlations extending over a large part of the network over distances exceeding any
conceivable long-range interaction. This feature is at the very origin of the sharp increase
observed for Sot(k) for k approaching zero.
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Figure 7. Snapshots of configurations obtained for liquid GeSes at T = 1073 K by using the
four different treatments for the inclusion of the dispersion forces detailed in the text. From top
to bottom and from left to right: No-vdW (top left), D2 (top right), D3 ((bottom left), first trajectory),
MLWEF (bottom right). The snapshots were produced by iRASPA [34]. The Ge atoms are in dark
green, the Se atoms in brown, and the unit cell is represented with a black line.

D3(B)

Figure 8. Snapshots of configurations obtained for liquid GeSe4 at T = 1073 K by using two trajectories
for the D3 case, D3(A), and D3(B), the second being produced from the final state of D2. Left side:
snapshot extracted from the D3(A) trajectory. Right: snapshot extracted from the D3(B) trajectory.
The snapshots were produced by iRASPA [34]. The Ge atoms are in dark green, the Se atoms in
brown, and the unit cell is represented with a black line.

The question arises whether or not the behavior recorded with D3 bears some realistic
character or it stands for a new phenomenon either unpredictable without considering
dispersion forces or not detectable when adopting D2 or MLWE. In view of our results
showing the worst agreement on both real-space and reciprocal-space properties for D3,
we tend to conclude that the voids appearing when D3 is employed are mere artifacts of
that scheme. In what follows, by relying on a further example of shortcomings occurring
when using D3 for a totally different system, we shall try to determine the origin of such
unexpected behavior, with the only intent of contributing to a better control of these
important theoretical tools.
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4.1. The Case of an Ionic Liquid Interacting with A Solid Substrate

The performances of the same vdW formulations (D2, D3, and MLWF) were tested in
a different context on a typical system composed of an ionic liquid (IL) in contact with a
solid substrate. This type of system is being pioneered as a promising major component in
2D-material-based field-effect transistors [35-37]. It has the advantage of operating as a
gate able to induce a remarkably high interface charge which, in turn, reduces the operating
voltages, thereby minimizing the energy consumption [35-37].

Our FPMD study focused on the ionic liquid (IL) 1-Ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, hereafter indicated with the standard acronym [EMIM]
[TFSI] ((EMIM] being the cation and [TFSI] the anion), on a WSe, substrate [37,38]. A
thorough FPMD study, accompanied by an extensive benchmark toward experimental
data, has been reported elsewhere for the [EMIM] [TFSI] system [39]. On that occasion,
a MLWF scheme was used to simulate the IL, obtaining a remarkable agreement with all
available experimental data. This ionic liquid was then put in contact with a WSe, substrate
consisting of two layers of material. This type of solid support consists of a stacking of
WSe; layers held together by vdW forces only, whereas the IL is prone to promote a variety
of interactions with the substrate (electrostatic interactions and hydrogen bonding) and is
a major experimental research target [37,38,40—42], although still at the pioneering stage
on a computational standpoint [43,44]. In our specific case, for this composed system of
relatively large size, we use a model made of two WSe; layers in which the bottom one
is fixed to the bulk crystallographic coordinates, whereas the upper layer is allowed to
follow dynamically the evolution of the unconstrained [EMIM] [TFSI] liquid on top of it.
Such a system consists of 20 [EMIM] [TFSI] ionic pairs (680 atoms) plus the 150 atoms
(50 W and 100 Se) of the substrate, for a total amount of 830 atoms in a hexagonal cell of
17.07 x 17.07 x 65.0 A3, corresponding to a 5 x 5 replica of the unit cell of WSe,. To
preserve the stacking of the layers in the WSe, substrate, on the corner atoms of the upper
layer, a dynamical restraint of the type Vyes = k (R(f) — Rg)? was imposed.

In addition to the MLWF scheme of the original IL work [39], we have considered D2
and D3 vdW corrections in an attempt at reducing the computational cost while preserving
the accuracy. For the purpose of the present paper, we shall focus exclusively on the
results obtained via NVT dynamics with a constant volume and temperature within the
D3 approach in comparison with a D2 or a MLWF one. These results are summarized in
Figure 9. A visual inspection of the structure realized by the different vdW prescriptions
reveals an anomalous effect detected only when the D3 scheme is used. This consists
in an unexpected curvature of the upper WSe; layer, i.e., the one evolving dynamically
and not fixed to crystallographic positions. After about 3 ps of dynamics in the canonical
NVT ensemble at 300 K, within the D3 scheme, the two layers are being held together
uniquely by the restraint V,es imposed on the corner atoms. The vdW-D3 acting among the
atoms of the first and second layers tend to separate these two layers instead of keeping
them packed, as is well known for this specific solid in which the vdW interaction is
a dominant feature [37,38]. The interatomic distance between the Se atoms facing each
other in the two layers, Sejayer1-top-S€layer2-bottom, reaches ~3.0 A for the central atoms away
from the restraints.

This has to be compared with a regular 2.75 A close to the experimental value and
reproduced by D2 or MLWF dispersion corrections. This configuration is indicative of a sort
of repulsion, opposed to what a vdW interaction is expected to produce. At the same time,
the IL shows a clear trend of departure from the WSe, surface, breaking all the H-bonds
obtained after D2 equilibration, resulting in an artificial phase separation between the IL
and its solid support. The liquid is separated from it by distances larger than 3.0-3.5 A, as
is typical of H-bonding characterizing this system [38,39].
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Figure 9. Snapshots of configurations of the ionic liquid [EMIM] [TFSI] obtained at T = 300 K by using
the vdW scheme D2 (or MLWF, panel (a)) and D3 (panel (b)) within the same FPMD framework. In
the figures, the orange and purple spheres in the bottom layers represent the W and the Se atoms,
respectively. For the ionic liquid, the atom color code is gray for C, blue for N, red for O, yellow for S,
cyan for F, and white for H.

This anomalous behavior is consistent with the strongly non-homogeneous density
phenomenon highlighted in the chalcogenides system of Section 3. Is it possible to ascribe
these peculiarities to some specific part of the D3 analytical expression? By coming back to
the expression of the various vdW formulations considered here, the only major feature
proper to D3 and absent in D2 and MLWF is the E® term present in D3, whereas all the
other formulae reduce basically to the same term consisting of the C¢ coefficient divided by
1%, It is then very much unlikely that this part of the vdW interaction, a common feature
of all schemes employed here, can behave differently in the D3 scheme. Therefore, we
can advance the conjecture that the intriguing behaviors reported above for two cases (a
disordered chalcogenide and a supported ionic liquid) are due to the three-body term
inherent in D3. Despite the evidence collected on drawbacks related to the use of D3, our
results have to be taken as a simple warning not intended to undermine the theoretical
foundations of D3 but merely calling for more extensive studies to understand the role of
this specific scheme in other disordered systems.

5. Conclusions

The original purpose of this paper was twofold: (a) the production of new FPMD
data on liquid GeSey, superseding those of Ref. [16] obtained in 1998 on a system made of
120 atoms only and on relatively short time trajectories, and (b) the analysis of the sensitivity
of the atomic structure to different schemes for the treatment of the dispersion forces.

The most relevant results obtained are as follows:

(1) Globally, the inclusion of dispersion forces does not alter the basic structural features
of liquid GeSe4 that can be described as a network in which GeSey tetrahedra coexist
with Se, chains.

(2)  On the quantitative point of view, considerations of a larger size allowed recovering a
higher percentage of corner-sharing tetrahedra, in line with previous results collected
for other disordered chalcogenide systems [26].
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(3) We found that some notable differences appear in the case of D3 when considering
the partial and total pair correlation functions and the bond angle distributions, as if
the tetrahedral order typical of the GeSe4 network were somewhat altered.

(4) These observations are confirmed by reciprocal space data and a comparison with the
experimental counterpart revealing a striking, unexpected feature (i.e., an increasing
spike) at very low wavevectors in the D3 case. Snapshots of the corresponding
structure feature a phase separation taking place within the network in which void
regions are clearly noticeable.

(5) In view of these findings, we have included in this paper a second example of in-
triguing structural behavior that arises when employing the D3 dispersion scheme
(a complex ionic liquid supported by a WSe; layer). The action of a three-body force
built in D3 is likely to be at the origin of a possible unphysical contribution.

Overall, we do hope our findings will foster further thoughts on the role of dispersion
forces and their implementation within DFT, so as to contribute to a general understanding
of the relationship between physical properties and this kind of week interaction, as shown
in recent accomplishments [45].

Author Contributions: The first (E.M.) and the last author (C.M.) proposed the topic to the other
authors. All authors have equally contributed to the different aspects of the paper. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Molecular dynamics trajectories are available from the authors upon request.

Acknowledgments: Calculations were performed by using resources from GENCI (Grand Equipement
National de Calcul Intensif) (Grant No. 115071). The authors would also like to acknowledge the

High-Performance Computing Center of the University of Strasbourg for the access to computing re-

sources, partially funded by the Equipex Equip@Meso project (Programme Investissements d”Avenir)

and the CPER Alsacalcul/Big Data.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: There are no samples, not applicable.

References

1. Klimes, J.; Michaelides, A. Perspective: Advances and challenges in treating van der Waals dispersion forces in density functional
theory. J. Chem. Phys. 2012, 137,120901. [CrossRef] [PubMed]

2. Micoulaut, M. Van der Waals corrections for an improved structural description of telluride based melts. . Chern. Phys. 2013, 138, 061103.
[CrossRef] [PubMed]

3. Micoulaut, M.; Coulet, M.-V,; Piarristeguy, A.; Johnson, M.R.; Cuello, G.J.; Bichara, C.; Raty, ].-Y.; Flores-Ruiz, H.; Pradel, A. Effect
of concentration in Ge-Te liquids: A combined density functional and neutron scattering study. Phys. Rev. B 2014, 89, 174205.
[CrossRef]

4. Micoulaut, M.; Piarristeguy, A.; Flores-Ruiz, H.; Pradel, A. Towards accurate models for amorphous GeTe: Crucial effects
of dispersive van der Waals corrections on the structural properties involved in the phase change mechanism. Phys. Rev. B
2017, 96, 184204. [CrossRef]

5. Raty, ].-Y.; Zhang, W.; Luckas, J.; Chen, C.; Mazzarello, R; Bichara, C.; Wuttig, M. Aging mechanism in amorphous phase-change
materials. Nat. Comm. 2015, 6, 7467. [CrossRef]

6. Lampin, E.; Bouzid, A.; Ori, G.; Boero, M.; Massobrio, C. Impact of dispersion forces on the atomic structure of a prototypical
network-forming disordered system: The case of liquid GeSej;. |. Chem. Phys. 2017, 147, 044504. [CrossRef]

7. Bouzid, A.; Massobrio, C.; Boero, M.; Ori, G.; Sykina, K.; Furet, E. Role of the van der Waals interactions and impact of the
exchange-correlation functional in determining the structure of glassy GeTes. Phys. Rev. B 2015, 92, 134208. [CrossRef]

8. Massobrio, C.; Martin, E.; Chaker, Z.; Boero, M.; Bouzid, A.; Le Roux, S.; Ori, G. Sensitivity to dispersion forces in first-principles

modeling of disordered chalcogenides. Front. Mater. 2018, 5, 78. [CrossRef]


http://doi.org/10.1063/1.4754130
http://www.ncbi.nlm.nih.gov/pubmed/23020317
http://doi.org/10.1063/1.4792195
http://www.ncbi.nlm.nih.gov/pubmed/23425453
http://doi.org/10.1103/PhysRevB.89.174205
http://doi.org/10.1103/PhysRevB.96.184204
http://doi.org/10.1038/ncomms8467
http://doi.org/10.1063/1.4986166
http://doi.org/10.1103/PhysRevB.92.134208
http://doi.org/10.3389/fmats.2018.00078

Molecules 2022, 27, 9034 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Silvestrelli, P.L.; Martin, E.; Boero, M.; Bouzid, A.; Ori, G.; Massobrio, C. Atomic structure of glassy GeTe, as a playground
to assess the performances of density functional schemes accounting for dispersion forces. J. Phys. Chem. B 2020, 124, 11273.
[CrossRef]

Marzari, N.; Vanderbilt, D. Maximally localized generalized Wannier functions for composite energy bands. Phys. Rev. B
1997, 56, 12847. [CrossRef]

Silvestrelli, PL.; Ambrosetti, A. van der Waals interactions in DFT using Wannier functions without empirical parameters. J.
Chem. Phys. 2019, 150, 164109. [CrossRef] [PubMed]

Silvestrelli, PL. van der Waals interactions in DFT made easy by Wannier functions. Phys. Rev. Lett. 2008, 100, 053002. [CrossRef]
[PubMed]

Ikeda, T.; Boero, M. Role of van der Waals corrections in first principles simulations of alkali metal ions in aqueous solutions. J.
Chem. Phys. 2015, 143, 194510. [CrossRef] [PubMed]

Grimme, S. Semiempirical GGA-type density functional constructed with a long-range dispersion correction. J. Comp. Chem.
2006, 27,1787. [CrossRef]

Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab-initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010, 132, 154104. [CrossRef] [PubMed]

Haye, M.; Massobrio, C.; Pasquarello, A.; De Vita, A.; De Leeuw, S.W.; Car, R. Structure of Liquid GexSe(;.y) at the stiffness
threshold composition. Phys. Rev. B 1998, 58, R14661-R14664. [CrossRef]

Thorpe, M. Continuous deformations in random networks. J. Non-Cryst. Solids 1983, 57, 355. [CrossRef]

Chen, G.; Inam, F,; Drabold, D.A. Structural origin of the intermediate phase in Ge-Se glasses. App. Phys. Lett. 2010, 97, 131901.
[CrossRef]

Sartbaeva, A.; Wells, S.A.; Huerta, A.; Thorpe, M. Local structural variability and the intermediate phase window in network
glasses. Phys. Rev. B 2007, 75, 224204. [CrossRef]

Bouzid, A.; Le Roux, S.; Ori, G.; Boero, M.; Massobrio, C. Origin of structural analogies and differences between the atomic
structures of GeSy and GeSe, glasses: A first-principles study. J. Chem. Phys. 2015, 143, 034504. [CrossRef]

Massobrio, C.; Celino, M.; Salmon, P.S.; Martin, R.A.; Micoulaut, M.; Pasquarello, A. Atomic structure of the two intermediate
phase glasses SiSe4 and GeSey. Phys. Rev. B 2009, 79, 174201. [CrossRef]

Sykina, K.; Furet, E.; Bureau, B.; Le Roux, S.; Massobrio, C. Network connectivity and extended Se chains in the atomic structure
of glassy GeSe4. Chem. Phys. Lett. 2012, 547, 30. [CrossRef]

Lucas, P; King, E.A.; Gulbiten, O.; Yarger, J.L.; Soignard, E.; Bureau, B. Bimodal phase percolation model for the structure of
Ge-Se glasses and the existence of the intermediate phase. Phys. Rev. B 2009, 80, 214114. [CrossRef]

Gjersing, E.L.; Sen, S.; Aitken, B.G. Structure, connectivity and configurational entropy of GexSejpp—_x glasses: Results from 77Ge
MAS NMR spectroscopy. J. Phys. Chem. C 2010, 114, 8601. [CrossRef]

CPMD Developers Version 4.3, Copyright MPI-FKF (1997-2001). Copyright IBM Corp. (1990-2022). Available online: www.
cpmd.org (accessed on 1 January 2020).

Massobrio, C. The Structure of Amorphous Materials Using Molecular Dynamics; IOP Publishing: Bristol, UK, 2022. [CrossRef]
Maruyama, K.; Misawa, M.; Inui, M.; Takeda, S.; Kawakita, Y.; Tamaki, S. Structural investigation of liquid Ge-chalcogen mixtures.
J. Non-Cryst. Sol. 1996, 205-207, 106. [CrossRef]

Becke, A.D. Density-functional exchange-energy approximation with correct asymptotic behavior. Phys. Rev. A 1988, 38, 3098.
[CrossRef]

Lee, C.; Yang, W.; Parr, R.G. Development of the Colle-Salvetti correlation-energy formula into a functional of the electronic
density. Phys. Rev. B 1988, 37, 785. [CrossRef]

Hoover, W.G. Canonical dynamics: Equilibrium phase-space distributions. Phys. Rev. A 1985, 31, 1695. [CrossRef]

Blochl, PE.; Parrinello, M. Adiabaticity in first-principles molecular dynamics. Phys. Rev. B 1992, 45, 9413. [CrossRef]

Chaker, Z.; Ori, G.; Tugene, C.; Le Roux, S.; Boero, M.; Massobrio, C.; Martin, E.; Bouzid, A. The role of dispersion forces on the
atomic structure of glassy chalcogenides: The case of GeSe4 and GeSy. J. Non-Cryst. Sol. 2018, 499, 167. [CrossRef]

Chaker, Z.; Ori, G.; Boero, M.; Massobrio, C.; Furet, E.; Bouzid, A. First-principles study of the atomic structure of glassy
Gaj9GejsTeys. J. Non-Cryst. Sol. 2018, 498, 338. [CrossRef]

Dubbeldam, D.; Calero, S.; Vlugt, T.J.H. iRASPA: GPU-accelerated visualization software for materials scientists. Mol. Simul.
2018, 44, 653. [CrossRef]

Ye, ].T.; Zhang, Y.J.; Akashi, R.; Bahramy, M.S.; Arita, R.; Iwasa, Y. Superconducting Dome in a Gate-Tuned Band Insulator. Science
2012, 338, 1193-1196. [CrossRef] [PubMed]

Costanzo, D.; Jo, S.; Berger, H.; Morpurgo, A.F. Gate-induced superconductivity in atomically thin MoS, crystals. Nat. Nanotech.
2016, 11, 339-344. [CrossRef] [PubMed]

Park, S.J.; Nam, D.; Jeon, D.-Y.; Kim, G.-T. Transport-map analysis of ionic liquid-gated ambipolar WSe; field-effect transistors.
Semicond. Sci. Technol. 2019, 34, 075022. [CrossRef]

Huang, ].-K; Py, J.; Hsu, C.-L.; Chiu, M.-H.; Juang, Z.-Y.; Chang, Y.-H.; Chang, W.-H.; Iwasa, Y.; Takenobu, T.; Li, L.-J. Large-Area
Synthesis of Highly Crystalline WSe, Monolayers and Device Applications. ACS Nano 2014, 8, 923-930. [CrossRef]

Ishisone, K.; Ori, G.; Boero, M. Structural, dynamical, and electronic properties of the ionic liquid 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide. Phys. Chem. Chem. Phys. 2022, 24, 9597-9607. [CrossRef]


http://doi.org/10.1021/acs.jpcb.0c08628
http://doi.org/10.1103/PhysRevB.56.12847
http://doi.org/10.1063/1.5093125
http://www.ncbi.nlm.nih.gov/pubmed/31042875
http://doi.org/10.1103/PhysRevLett.100.053002
http://www.ncbi.nlm.nih.gov/pubmed/18352369
http://doi.org/10.1063/1.4935932
http://www.ncbi.nlm.nih.gov/pubmed/26590545
http://doi.org/10.1002/jcc.20495
http://doi.org/10.1063/1.3382344
http://www.ncbi.nlm.nih.gov/pubmed/20423165
http://doi.org/10.1103/PhysRevB.58.R14661
http://doi.org/10.1016/0022-3093(83)90424-6
http://doi.org/10.1063/1.3495775
http://doi.org/10.1103/PhysRevB.75.224204
http://doi.org/10.1063/1.4926830
http://doi.org/10.1103/PhysRevB.79.174201
http://doi.org/10.1016/j.cplett.2012.07.077
http://doi.org/10.1103/PhysRevB.80.214114
http://doi.org/10.1021/jp1014143
www.cpmd.org
www.cpmd.org
http://doi.org/10.1088/978-0-7503-2436-6
http://doi.org/10.1016/S0022-3093(96)00430-9
http://doi.org/10.1103/PhysRevA.38.3098
http://doi.org/10.1103/PhysRevB.37.785
http://doi.org/10.1103/PhysRevA.31.1695
http://doi.org/10.1103/PhysRevB.45.9413
http://doi.org/10.1016/j.jnoncrysol.2018.07.012
http://doi.org/10.1016/j.jnoncrysol.2018.03.039
http://doi.org/10.1080/08927022.2018.1426855
http://doi.org/10.1126/science.1228006
http://www.ncbi.nlm.nih.gov/pubmed/23197529
http://doi.org/10.1038/nnano.2015.314
http://www.ncbi.nlm.nih.gov/pubmed/26751171
http://doi.org/10.1088/1361-6641/ab22eb
http://doi.org/10.1021/nn405719x
http://doi.org/10.1039/D2CP00741J

Molecules 2022, 27, 9034 17 of 17

40.

41.

42.

43.

44.

45.

Zhao, W.; Ghorannevis, Z.; Chu, L.; Toh, M.; Kloc, C.; Tan, P-H.; Eda, G. Evolution of electronic structure in atomically thin sheets
of WS, and WSe,. ACS Nano 2012, 7, 791. [CrossRef]

Ross, J.S.; Klement, P; Jones, A.M.; Ghimire, N.J.; Yan, J.; Mandrus, D.; Taniguchi, T.; Watanabe, K.; Kitamura, K.; Yao, W.; et al.
Electrically tunable excitonic light-emitting diodes based on monolayer WSe, p—n junctions. Nat. Nanotechnol. 2014, 9, 268.
[CrossRef]

Braga, D.; Gutiérrez Lezama, I.; Berger, H.; Morpurgo, A.F. Quantitative determination of the band gap of WS, with ambipolar
ionic liquid-gated transistors. Nano Lett. 2012, 12, 5218. [CrossRef]

Andreussi, O.; Marzari, N. Transport properties of room-temperature ionic liquids from classical molecular dynamics. ]. Chem.
Phys. 2012, 137, 044508. [CrossRef] [PubMed]

Dommert, F.; Wendler, K.; Berger, R.; Delle Site, L.; Holm, C. Force Fields for Studying the Structure and Dynamics of Ionic
Liquids: A Critical Review of Recent Developments. ChemPhysChem 2012, 13, 1625-1637. [CrossRef] [PubMed]

Adi Kurnia, K.; Zunita, M.; Coutinho, J.A.P,; Santoso, D. Development of quantitative structure-property relationship to predict
the viscosity of deep eutectic solvent for CO, capture using molecular descriptor. J. Mol. Liquids 2022, 347, 118239. [CrossRef]


http://doi.org/10.1021/nn305275h
http://doi.org/10.1038/nnano.2014.26
http://doi.org/10.1021/nl302389d
http://doi.org/10.1063/1.4737388
http://www.ncbi.nlm.nih.gov/pubmed/22852632
http://doi.org/10.1002/cphc.201100997
http://www.ncbi.nlm.nih.gov/pubmed/22344944
http://doi.org/10.1016/j.molliq.2021.118239

	Introduction 
	Motivation: Why Two Targeted Cases? 
	Focusing on Liquid GeSe4 as Main Structural Target: Reviewing Previous Results 

	Liquid GeSe4 by FPMD: Calculation Methodology 
	Liquid GeSe4: Results 
	Real-Space Results 
	Reciprocal-Space Results 

	Discussion 
	The Case of an Ionic Liquid Interacting with A Solid Substrate 

	Conclusions 
	References

