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The thermodynamic stability and mixing behavior of the MoS,-WS, system were investigated using a cluster
expansion model constructed from density functional theory (DFT) calculations. The alloy cluster expansion
approach enabled the efficient sampling of atomic configurations, overcoming the computational limitations of
direct DFT calculations. The accuracy of the cluster expansion model was validated against additional DFT
calculations, achieving a root-mean-squared error close to 1.0 - 107 eV/atom and R2 = 0.74. The mixing energy
landscape was analyzed to determine the existence of ordered ground-state structures and assess the stability of
solid solutions. The results indicate that MoS,-WS, forms a stable solid solution across the full compositional
range, with specific ordering tendencies at a broad range of intermediate atomic concentrations of tungsten, from
XW =0.33 to 0.66. The constructed convex hull suggests a multitude of ground states in this range with ordering
patterns of a single solute atom residing in a hexagon of solvent atoms within a single layer. Generally small mixing
energy values imply a dominant role of entropy at synthesis temperatures. The findings provide insight into the
thermodynamic factors governing mixing in transition metal dichalcogenide MoS,-WS, solid solutions,
contributing to the rational design of materials based on them.
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Introduction

Layered Group 6 transition metal dichalcogenides
represent a family of compounds of key importance for
modern materials science. Due to their layered graphite-
like structure, prominent electronic and optical properties,
they have significant prospects of application in
electronics [1-3], catalysis [4], energy harvesting [5] and
storage [6] and other directions [7].

In recent years, increasing interest has been paid to the
application of systems that contain more than one layered
dichalcogenide. The efforts here are predominantly
focused on the preparation and tuning of the properties of
mixed materials by stacking layers of different
dichalcogenides on top of each other or, in other words,
creating nanoheterostructures (nanocomposites) based on
them. Among the combinations under study, significant
attention has been paid to such systems formed by the

261

layers of molybdenum and tungsten disulfides [8],
particularly for their prospects of application in
optoelectronics and solar energy systems [9,10]. Authors
of [11] concluded from their computational results that
these dichalcogenides are the only among the studied that
can form stable semiconducting layers, further underlining
their importance for applications in electronics. The
synthesis of these heterostructures usually implies strict
process parameters control aimed at limiting the
intermixing between the components kinetically. The
methods are typically complex and multistage, such as dry
transfer of individual layers [12,13], molecular beam
epitaxy [14], stepwise chemical vapor deposition [15], and
a number of wet methods either for stacking the layers
from colloids or chemical reaction resulting in formation
of one dichalcogenide layer on top of the other serving as
a substrate (see [16] for a brief review of the wet methods).
Of those, only the chemical vapor deposition and the wet
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approaches are suitable for scaling, and even there, the
thermodynamics of mixing may play an important role.
Solid solutions in the MoS,-WS, system also attract
attention by themselves, as promising for materials with
tuned band gaps [1] and understanding the
thermodynamics of mixing is crucial to devising and
controlling their synthesis. Finally, the thermodynamics of
mixing information is central in the assessment of the
operational stability of these materials at conditions that
allow the formation of equilibrium products, such as
elevated temperatures that promote components diffusion.

Several theoretical studies were done previously to
gain insight into the mixing energetics and behavior in the
MoS>-WS; system of solid solutions. In [17] the analysis
was done wusing several representative structures
calculated from the first principles, concluding on small
overall mixing energy variation and no tendency for short-
range ordering. Later cluster expansion modeling [1]
suggested the existence of polymorphism region around
the equimolar concentrations, but the authors offered no
specifics about structural features of the possible ground
states. Thus, a more focused look at the energies of mixing
and their possible influence on its structure and stability
would be of advantage.

This work aims to use the alloy cluster expansion
method in conjunction with density functional theory
calculations to assess the mixing behavior and elucidate
structural specifics of the possible ground states in the
MoS,-WS; system.

I. Calculation details

All the first principles calculations for end members
and mixed systems were done with density functional
theory (DFT) and plane-wave basis of wavefunctions
implemented in the PWscf code of the Quantum Espresso
(QE) package [18]. Local density approximation (LDA)
[19] was used as the exchange-correlation functional
because of its good performance for 2H-MoS; [20] and
2H-WS; [21]. The files of pseudopotentials generated
with the projector augmented wave (PAW) method were
taken from the QE library. The kinetic energy cutoff of the
basis plane waves assuring the total electron energy
convergence within 1 meV/atom was 80 Ry. Integrations
over the Brillouin zone were performed using grids of
special points generated with the Monkhorst-Pack (MP)
scheme [22] with the density that ensured the same total
energy convergence. Because of the significant variation
in size and shape of the calculated configurations, the
Atomic Simulation Environment [23] kspacing method
was used in practice with the maximum distance between
k-points of 0.05 A”'. This setting corresponds to an
8x8x2 MP grid for the prototype unit cell of 2H-MoS,. All
initial structures were subject to structural optimization
until the change in the total energy in two successive
iterations did not exceed 10 eV. QE’s default values
were found suitable for other parameters involved in the
calculations.

The mixing behaviour and its specifics were studied
using the Alloy Cluster Expansion (CE) model [24]
constructed from the DFT data. The CE construction and
application, as well as most of the auxiliary operations,
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were done in Python programming language using the icet
package [25]. The latter work provides an excellent
description of the cluster expansion method and details of
this particular realization, and they will not be reiterated
here for the sake of space and focus. An important aspect
to mention for this realization is the application of
Machine Learning approaches to construct the models,
allowing to work with underdetermined systems where the
number of model parameters is higher than the number of
configurations calculated with DFT and, thus, significant
reduction of the computational resources needed to build
the model. The specific tools from the package, as well as
parameter values, are given in the Results and Discussion
section.

II. Results and discussion

Alloy cluster expansion model construction

The main idea behind the cluster expansion is that by
using a sufficiently large number of small structural
configurations (training set) for which DFT calculations
are feasible, a performant and computationally cheap
model can be constructed (trained) that describes the
target property for an arbitrarily large structural
configuration with sufficient accuracy. The task is to find
the balancing point between the size of the computational
cost of preparing the training set, which directly correlates
with its size, and the accuracy required to solve the
problem at hand.

In this work, we took the following approach to
prepare the training dataset. With the unit cell of 2H-MoS;
as a prototype, we generated all the unique structural
configurations in the system derived from it with the
supercell sizes up to 4 unit cells and partial or complete
replacement of Mo atoms with W, 333 configurations in
total. Of those, all the configurations up to 3 unit cells and
a subset of configurations with 4 unit cells, drawn in such
a way that each available W concentration is represented
at least by one of them, were selected for the training set
and undergone a variable cell DFT structural optimization
to calculate their total and mixing energies. The final
training set contained 140 unique structural configurations
in the MoS,-WS, system.

The cutoffs for the pair, triplet, and quadruplet
interactions to include in the model were determined by an
exhaustive search using basic least squares as an
underlying mechanism to approximate the expansion. The
cutoffs were tested one by one for each type of interaction
within 0.3 to 2.0 nm for pairs, 0.1 to 0.65 nm for triplets,
and 0.1 to 0.7 nm for quadruplets with a step of 0.05 nm
in each case. The lowest root mean squared error
determined the best values within the tested ranges, and
the final set of cutoffs were 1.65, 0.3, and 0.5 nm.

Of the algorithms of linear regression and feature
selection available in the icef package, adaptive version of
Least Absolute Shrinkage and Selection Operator (ad-
LASSO) and Automatic Relevance Detection Regression
(ARDR) demonstrated the lowest errors against the
training set. Cluster expansions were built with both
ARDR and ad-LASSO as the underlying linear models,
and their performance was assessed by analyzing their
predictions against the DFT mixing energies of the
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training set. To test the model's performance on larger
systems, we also constructed and calculated with DFT
three SQS supercells with sizes of 8 prototype unit cells
and W atomic concentrations in the metal sub-lattice of
0.25, 0.5, and 0.75. ARDR demonstrated slightly better
overall performance on the training set, especially for the
structures at the upper and lower bounds of mixing
energies (Fig. 1). More importantly, ARDR model
predicted SQS mixing energies slightly better. While both
models underestimate the energies, the errors with ARDR
are lower at -21.0, -15.9, and -17.2% against -25.0, -14.5,
and -22.0 with ad-LASSO, for the three quasi-random
structures tested. Visual inspection of the deviations in
Fig. 1 shows that SQS structures fall into a region in the
middle of the mixing energy interval, where the model’s
performance is the poorest. Better quantitative predictions
for the ground states are expected, as predictions near the
convex hull lay within 1-5% deviations from the DFT
data.
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Fig. 1. Performance of the Cluster Expansion with ARDR
as regression algorithm on training and SQS data.

The final Cluster Expansion model was built with the
ARDR as an underlying linear regression and feature
selection algorithm. The validation root-mean-squared
error of the model was close to 1.0-10"* eV/atom of metal,
suggesting that prediction, for the most part, was very
close to the underlying DFT mixing energies. The R? score
of 0.74 was achieved with the available data and selected
model parameters, indicating that the model can give
qualitative predictions with high confidence.

Of the initial 38 model parameters present in the
model before training, only 18 retained non-zero values
after the ARDR application, one representing the constant
term in the cluster expansion and 17 others reflecting pair
interactions between the atoms in the metal sub-lattice.
The absence of the higher-order interactions directly
follows from the cutoffs chosen by the mechanistic
application of the search procedure, as described above.
With the selected optimal cutoffs triplet and quadruplet
clusters were not included in the model by construction.
To check the impact of higher-order terms, the cutoffs for
the third and fourth-order interactions were increased to
7.0 A each, resulting in 10 triplets and 11 quadruplets in
the expansion before training and feature selection. The
algorithm selected none of the third-order interactions, but
7 quadruplets were deemed significant. On the other hand,
their inclusion dropped the overall model performance in
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validation from R?=0.74 to 0.55. The performance drop is
obviously an outcome of insufficient sampling of the large
enough configurations for the training set, as at least 4 unit
cells are required to describe a quadruplet. The significant
computational resources required to compute their DFT
total energies limited the number of such structures. While
the inclusion of such data is an apparent way to improve
the model’s accuracy, the R? score achieved with pair
interactions only, in combination with very good local
performance at the upper and lower bounds of the mixing
energy, was considered a tradeoff sufficient for the
purpose of this work.

Convex Hull

To get an in-depth insight into the mixing behavior in
the system and assess the thermodynamic stability, as well
as determine the structural specifics of the ground states,
mixing energy was sampled on a large number of
structural configurations, and a convex hull for the system
was constructed. The structural sampling was done by
constructing all possible unique configurations (structural
enumeration) for the system sizes of 1 to 8 unit cells of the
prototype with Mo atoms partially substituted by W. The
enumerated set contained 98415 structural configurations,
for which mixing energies were predicted using the cluster
expansion model. The functionality for convex hull
construction included in the icet package was then applied
to these data.

Fig. 2 contains the plot of the data and the convex hull
and suggests that, besides the end members, there are three
defined ground states in the system at X»=0.33, 0.5, and
0.66. On the other hand, at many concentrations where
sampling is sufficient, there are structural configurations
that lie in immediate proximity to the tie lines.
Considering the tendency of the model to underestimate
the mixing energy, especially in its middle section, it is
safe to suggest that MoS,-WS, solid solutions are
thermodynamically stable in the whole concentration
range.

Mixing energy, kJ/mol (M)

Fig. 2. Predicted mixing energies for unique structural
configurations up to 4 prototype unit cells (CE) and the
Convex Hull (CH)

A peculiar feature of the system, which is also present
in [1], but not in [17], is the broad range of concentrations
spanning from Xy = 0.33 to 0.66 with practically similar
mixing energy for the ground states. In practice, it
prevents any confident determination of the global ground
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Fig. 3. Atomic structures of the equimolar ground state in the MoS,-MoSe; system: top layer (a), bottom layer (b),
lateral view (c).

state (lowest energy configuration for the system), and a
series of structures (polymorphs) has to be considered for
that role. On the other hand, such behavior may stem from
specific ordering patterns, which might be important for
the system’s understanding. The ground states determined
by the convex hull algorithm provide such an opportunity,
representing the edges and the middle of this interval.

Atomic configuration of the equimolar ground state is
given in Fig. 3 and shows that ordering in the system can,
in principle, lead to the formation of an atomic pattern in
which a hexagonal arrangement of the solvent atoms
surrounds a solute atom within a single layer. For X= 0.5
the patterns alternate between the layers with several (two)
Mo-rich layers followed by the same number of W-rich
layers. For the ground state at X = 0.33(3) the hexagons
are formed by the Mo atoms and W atoms get entrapped
inside them, similar to Fig. 3a, while for Xy = 0.66(6) the
situation is inverted and resembles the structure in Fig. 3b.
All the intermediate ground states have their structures
formed as a combination of this patterning.

Considering the differences in physical properties of
Mo and W atoms, some local variation of electronic
properties could be expected here, and achieving this
patterning might be of interest in adsorption-related or
other applications. On the other hand, the energy effects
of such ordering are small and would be dominated by the
entropy of mixing inputs at synthesis temperatures, which
may prevent achieving the ordering in practice.
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The following points can be drawn from a more
general view of the mixing energy in the system as
predicted by the CE. First, there are only a few
configurations of the system with positive mixing energy,
and even those can be artificial, considering the model
accuracy. As the entropy of mixing will only improve the
mixing at finite temperatures, the formation of solid
solutions in the system is always thermodynamically
favorable, which should be considered when devising the
synthesis of materials in the system and designing their
operational conditions. Second, the range of absolute
values of the mixing energy in the system is rather small,
within 0.7 kJ/mol of metal atoms. Thus, for most practical
cases, entropic factors will determine the distribution of
metal atoms within their sub-lattice, and the structure of
the solid solution can be well represented as a random
alloy of Mo and W atoms within a regular lattice of S
atoms. On the other hand, the large number of
polymorphic ground states provides a significant
configurational space where the ordered patterning might
be preserved despite entropic influences.

Conclusions

The results of sampling the cluster expansion model
of the MoS,-WS; system constructed with the first-
principles training set demonstrate that the solid solutions
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are thermodynamically favorable in the whole configurations.
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O. BaciibeB

3MilnyBaHHS B CHCTeMi IAPYBATHX AuXaJbKoreHiaiB MoS:-WS; 3 nepuux
NPUHIMITIB

Incmumym npobnem mamepianoznascmea im. L. M. @panyesuua Hayionanvroi Axademii Hayk Ykpainu, o.vasiliev@ipms.kyiv.ua

TepmonuHamiuHa CTaOUTBHICTH 1 TIOBEAIHKA MpH 3MilTyBaHHI y cucteMi MoS,-WS, Oynu mocimimkeHi 3a
JOTIOMOTOK0 MOJENi KJIACTEPHOTO PO3KiIany, MoOyZ0BaHOI Ha OCHOBI PO3PaxyHKIB 3a TeOpi€r0 (yHKIIOHAITY
enextponHoi ryctuHd (DFT). BukopucTaHHs KnacTepHOTo po3kiany 3a0e3nedmsio eQeKTHBHE 3alyueHHs
CTPYKTYpHHX KOH(Irypauiit Juist moJjonanHs 00YHCIIIOBAIBHIX 00MEKEeHb MpIMUX po3paxyHkiB 3a DFT. Mozens
KJIaCTEPHOTO po3Kiaday Oyna BamijioBaHa JOJATKOBHMH po3paxyHkamu DFT Ta Xapakrepu3yBajiach
cepeTHhOKBAIPATUIHO MOXHOKOI0 Ha piBHi g0 1,0 - 107* eB/atom i R? = 0,74. JlanmmadT eHeprii 3MiTyBaHHS
OyB TpoaHai30BaHWiA, MO0 BHU3HAYUTH ICHYBAaHHS BIIOPSAKOBAaHUX CTPYKTYpP OCHOBHOTO CTaHY Ta OI[IHHTH
CTabIIBHICTh TBEPUX PO3UYHHIB. Pe3ynbTaTh nokasyoors, mo MoS; Ta WS, yTBOPIOIOT CTabiIbHI TBEPi pO3YHHH
Yy BChOMY JliaIla3oHi CKIIAAy, 31 crienn()iYHUME TEHICHIIIMH BIIOPSAAKYBaHHS B IIMPOKOMY Jiara3oHi MPOMIKHHX
aTOMHUX KOHIIEHTpaliil Bomsdpamy, Bigx Xw = 0,33 mo 0,66. CxoHcTpyiioBaHa omykia o0o0J0HKA Hependadae
BEJIMKY KiJIbKICTh OCHOBHHUX CTaHIB y L[bOMY [iana3oHi 3 MOTUBAMH BIOPSAKYBaHHS JIe OJHH aTOM PO3YHHEHOT
PEUOBHHM 3HAXOIWTHCS B IIECTHKYTHHUKY YTBOPEHOMY aTOMaMH pO3YMHHHMKAa Yy MeXax oxHoro mapy. B
3aralbHOMY MaJli 3HaUCHHsI eHeprii 3MillyBaHHs BKa3yIOTh Ha JOMiHYIOUY POJIb SHTPOIII] 32 TeMIIepaTyp CHHTE3Y.
OTpuMaHi JaHi [JalOThb 3MOTY 3pO3YMITH TEPMOJIMHAMIiYHI UYMHHUKKA (OPMYBaHHS TBEpAUX pPO3UMHAX
JMXaTBKOTEHIIIB MepeXiTHUX MeTaliB cucteMru MoS,-WS,, cnpusiioun parioHaabHOMY JH3aifHy MaTepianiB Ha iX
OCHOBI.

KiwouoBi cioBa: quxambKOTEHIIM MEPEXiHUX METaNiB, TBEPAi PO3YHHU, CHEPTis 3MIlIyBaHHS, OCHOBHI
CTaHH, Teopis QYHKIIOHAY eIeKTPOHHOI TYCTHHH, KIIACTEPHUI PO3KIIA] CIJIaBiB.
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