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ABSTRACT: An anisotropic interlayer force field that describes the
interlayer interactions in homogeneous and heterogeneous interfaces
of group-VI transition metal dichalcogenides (MX,, where M = Mo,
W, and X = S, Se) is presented. The force field is benchmarked
against density functional theory calculations for bilayer systems
within the Heyd—Scuseria—Ernzerhof hybrid density functional
approximation, augmented by a nonlocal many-body dispersion
treatment of long-range correlation. The parametrization yields good
agreement with the reference calculations of binding energy curves
and sliding potential energy surfaces. It is found to be transferable to
transition metal dichalcogenide (TMD) junctions outside of the
training set that contain the same atom types. Calculated bulk moduli

MX. (M=Mo,W; X=S,Se)

AR Anti-Parallel Parallel AA
I X <> <> I
= T A
X <> ¥
l £=3 =S XX l
< <> pes
) - . AB/BA

agree with most previous dispersion-corrected density functional theory predictions, which underestimate the available experimental
values. Calculated phonon spectra of the various junctions under consideration demonstrate the importance of appropriately treating
the anisotropic nature of the layered interfaces. Considering our previous parametrization for MoS,, the anisotropic interlayer
potential enables accurate and efficient large-scale simulations of the dynamical, tribological, and thermal transport properties of a

large set of homogeneous and heterogeneous TMD interfaces.

1. INTRODUCTION

Motivated by the fascinating physical properties of graphene,
the study of alternative semiconducting two-dimensional (2D)
layered materials, in particular the vast family of transition
metal dichalcogenides (TMDs), has seen tremendous growth
in the past decade.’ TMDs are characterized by the general
chemical formula MX,, where M is a transition metal atom
(e.g, Mo or W), and X is a chalcogen atom (e.g, S, Se, or Te).
The formation of moiré superlattices at heterogeneous or
misaligned homogeneous TMD interfaces leads to many
unique electrical, ¢ optical,7_9 thermal,'®™'* and tribolog-
ical >™"? properties. Notably, the most interesting physics
arises at interfaces characterized by a small lattice mismatch,
which is either intrinsic to the contacting materials or enforced
via interfacial misalignment. This, in turn, results in relatively
large moiré supercell dimensions, which are difficult to model
through first-principles calculations. A viable alternative is the
use of classical interlayer force fields, which, in the case of 2D
materials, have to include a dedicated term that accounts for
the anisotropic nature of the layered construct, characterized
by a covalent intralayer network and weaker dispersive
interlayer interactions. When appropriately parametrized
against state-of-the-art density functional theory (DFT)
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reference data sets, such force fields, known as interlayer
potentials (ILPs), provide a desirable balance between
accuracy and computational efficiency.”*~**

Various density functional approximations that address
dispersion interactions have been successfully used for
generating reference data against which ILPs have been
parametrized for a variety of layered material contacts.”’”>"
These include the nonlocal (NL) vdW-DE-C09,” as well as
DFT+D,’**" Tkatchenko—Scheffler (TS),** many-body dis-
persion (MBD),*>** and MBD-NL* dispersion-augmented
functionals. The obtained ILPs have proven to provide good
agreement with structural,”™** mechanical,””**~* tribolog-
ical,”>*™°" and thermal transport’”**"** experimental ob-
servations of layered contacts, and have demonstrated
predictive power, that has led to novel experimental
findings.*”***>> Notably, the previous Kolmogorov—Crespi
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Figure 1. Schematic of the high symmetry stacking modes of bilayer TMD homo- and heterojunctions (MX,)/(M'X}) considered for BE curve
calculations. For clarity of presentation, atoms residing in different layers are shown in different colors.

Bilayer MoSe,

O

Y
S
(8}
o
o

—~~
N
—

Bilayer WS,

Bilayer WSe,

(2)

—~~

)

£ 600 £ [
i<} =] 2
S 400 S 100 S 400
£ £ £
<200 N <. 200
S 5 S
g o0 2 2 o0
L wl L
6 8 10 12 14 16 6 8 10 12 14 16 6 8 10 12 14 16
Distance (A) Distance (A) Distance (A)
(d) Bilayer MoS,/MoSe, (e) Bilayer MoS /WS,
400
e 20 —
= s a | 150
S 0 P 9
t;w v AB § 100
o 200 -20 o AB ©
3 E 50
> >
S S
2 e 0
L L
6 8 10 12 14 16 6 8 10 12 14 16
Distance (A) Distance (A)

Figure 2. BE curves for three homojunction bilayers: (a) MoSe,, (b) WS,, and (c) WSe,, and two heterojunction bilayers: (d) MoS,/MoSe,, and
(e) MoS,/WS,, calculated at the HSE + MBD-NL level of DFT (open symbols), along with the corresponding ILP fits (solid lines). Three stacking
modes of the antiparallel configuration (AA’—blue circles, AB’—purple inverted triangles, and A’'B—green diamonds) and two stacking modes of
the parallel configuration (AB—tan triangles, and AA—red squares) are considered (see Figure 1). The parameters presented in Table SI in
Supporting Information Section 3 are used to perform the ILP calculations. The reported energies are measured relative to the values of the two
monolayers and are normalized by the total number of atoms in the unit cell (6 atoms). The insets provide a zoomed-in view of the equilibrium

interlayer distance region, marked by dashed black rectangles.

type anisotropic potentials have been parametrized for TMD
interfaces against DFT reference data at the level of the local
density approximation (LDA) augmented by the nonlocal
vdW-DF-C09 density functional.”® While the developed force-
field provided a satisfactory description of moiré superlattice
structural transformations in twisted bilayer MoS,,*° this
approach is known to overestimate the binding energy (BE) of
MoS,, graphite, and h-BN by ~409%.7%°°

Here, we extend our anisotropic ILP parametrization to
TMD interfaces consisting of tungsten (W) and selenide (Se)
using MBD-NL DFT reference data that were shown to
account well for long-range dispersion interactions in polar-
izable interfaces.”® Taken tO%ether with our previous para-
metrization for MoS, stacks,” the new ILP capabilities now
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allow for a description of interlayer interactions in any
homogeneous or heterogeneous MX, type junctions, where
M = Mo and W and X = S and Se.

2. METHODOLOGY

2.1. DFT Calculations. The reference data set includes a
series of BE curves and sliding potential energy surfaces
(PESs), calculated for homogeneous and heterogeneous TMD
bilayers. The bilayer configurations, have been constructed by
rigidly stacking and shifting two preoptimized monolayers. BE
curves for each bilayer junction have been calculated at five
high-symmetry stacking modes, two parallel (P) modes (AB
and AA), and three antiparallel (AP) modes (AA’, AB’, and
A'B), as shown in Figure 1. The interlayer distance has been
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Table 1. Equilibrium Interlayer Distances, d,, (A) and Binding Energies, E;, (meV/atom), for MoSe,, WS,, and WSe, Bilayers,
Calculated at Several Stacking Modes Using Various DFT Methods and the ILPs Constructed in This Work®

HSE06 + MBD-NL ILP-MBD-NL (this

methods RPA®! PBE + D2°' (this work) work)
stacking modes (bilayer) deg E, deg E, deg E, deg E,
MoSe, anti-parallel configurations AA’ 6.48 29.5 6.53 35.6 6.6 23.7 6.6 22.7
AB’ 6.53 25.4 6.63 31.9 6.7 20.2 6.7 21.2
A'B 7.12 16.7 7.10 222 7.2 14.2 72 13.8
parallel configurations AB 6.47 284 6.53 35.1 6.6 229 6.6 22.5
AA 7.18 17.2 7.13 144 7.3 13.8 7.2 134
WS, anti-parallel configurations AA’ 6.24 27.6 6.24 302 6.3 19.7 6.4 19.2
AB’ 6.27 22.3 6.24 27.0 6.4 17.2 6.4 174
A'B 6.78 14.8 6.80 19.3 6.9 12.7 6.9 11.8
parallel configurations AB 6.24 24.8 6.24 29.6 6.3 19.1 6.3 19.8
AA 6.84 14.6 6.84 18.9 6.9 124 7.0 10.6
WSe, anti-parallel configurations AA’ 6.50 30.3 6.54 42.0 6.6 22.6 6.7 21.8
AB’ 6.62 24.5 6.59 37.3 6.8 18.8 6.8 19.8
A'B 7.24 16.1 7.08 26.3 7.3 13.6 7.3 14.4
parallel configurations AB 6.54 28.1 6.54 40.9 6.6 215 6.7 21.8
AA 7.24 16.2 7.09 28.5 7.3 13.2 7.3 13.5
“Intralayer hexagonal lattice constants of 3.26, 3.16, and 3.27 A are used for MoSe,, WS,, and WSe,, respectively.
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Figure 3. Sliding energy surfaces of bilayer MoSe,, calculated at interlayer distances of 7.2 A for the parallel (top panels) and 6.5 A for the
antiparallel (bottom panels) configurations. The left and middle columns present DFT (HSE + MBD-NL) and ILP PESs, respectively, and the
right column presents their difference maps. The parameters presented in Table S1 in Supporting Information Section 3 are used for the ILP
calculations. The reported energies are normalized by the total number of atoms in the unit cell (6 atoms) and measured relative to the values
obtained at the AB and AA’ stacking modes for the parallel and antiparallel configurations, respectively.

varied in the range of 5.5—15 A, including the sub-equilibrium
regime, which is important for the investigation of tribological
properties. Each BE curve and sliding PES contains 31 and 132
data points, respectively. We note that the reference DFT data
set excludes twisted interfaces that are characterized by large
supercells, the PES calculation of which requires substantial
computational efforts. Such interfaces, however, exhibit
potential energy barriers that are 2 orders of magnitude
smaller than those obtained for 2H-stacked MoS, bilayers®”
and are of the order of the expected accuracy of our DFT
calculations. Therefore, their inclusion in the training data set
does not have a significant impact on the ILP parametrization.
This assertion is further justified in Section 4.4 below, where
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the developed ILP is shown to nicely reproduce the
reconstructed structure of twisted suspended MoS, bilayers.
All calculations were performed using the FHI-AIMS code.®
The HSE functional,” augmented by the MBD-NL dispersion
correction, has been used with the tier-2 basis-set®® and tight
convergence settings with all grid divisions and a denser outer
grid. The atomic zeroth-order regular approximation was
employed to describe relativistic effects in the vicinity of the
nucleus.”® A k-point grid of 19 X 19 X 1 was used, with a
vacuum size of 100 A to prevent spurious interactions with
neighboring image cells. Convergence tests of the calculation
parameters are provided in Section 1 of the Supporting
Information. We note that the bilayer reference data are
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Figure 4. Sliding energy surfaces of bilayer MoS,/WS,, calculated at interlayer distances of 6.9 A for the parallel (top panels) and 6.3 A for the
antiparallel (bottom panels) configurations. The left and middle columns present DFT (HSE + MBD-NL) and ILP PESs, respectively, and the
right column presents their difference maps. The parameters presented in Table S1 in Supporting Information Section 3 are used for the ILP
calculations. The reported energies are normalized by the total number of atoms in the unit-cell (6 atoms) and measured relative to the values
obtained at the AB and AA’ stacking modes for the parallel and antiparallel configurations, respectively.

sufficient for a reliable parametrization of the interlayer
interactions in the corresponding bulk systems.”® Comparative
test calculations, performed at the PBE + MBD-NL level of
DFT, are presented in Supporting Information Section §,
suggesting that both approaches yield similar results.

2.2. Model Systems. Reference data and corresponding
ILP parameters for Mo—Mo, Mo—S, and S—S were inherited
from our previous work.”® To obtain the rest of the
parameters, we created reference data sets for all the three
remaining homojunctions (MoSe,/MoSe,, WS,/WS,, and
WSe,/WSe,) and two of the six possible heterojunctions
(MoS,/MoSe, and MoS,/WS,). The resulting ILP para-
metrization was then benchmarked against DFT calculations
for the other heterojunctions, to test for accuracy and
transferability of the parameters.

3. FORCE-FIELD PARAMETRIZATION

3.1. BE Curves. Figure 2 presents the calculated BE curves
for the three bilayer homojunctions and the two chosen bilayer
heterojunctions at the five high-symmetry stacking modes. In
general, for all bilayer junctions considered, the BE curves can
be divided into two groups: (i) AA and A’B stacking
arrangements curves that present similar lower binding
energies and larger equilibrium interlayer distances; (ii) AA’,
AB, and AB’ stacking arrangements that show similar higher
binding energies and smaller equilibrium interlayer distances.
The BEs of the stacking modes appear in the following order:
AA’ > AB > AB’ > A’'B > AA, consistent with our previous
results for MoS, and with independent PBE + D2 results.”"**
We note that random phase approximation (RPA) calcu-
lations™ predict a somewhat different order, where A'B is less
stable than AA. The higher stability we obtain for the AA’" and
AB stacking modes also agrees with the fact that they are the
two natural forms (2H and 3R phases, respectively) of TMDs,
where the former is more dominant, similar to the case of
hexagonal boron nitride (h-BN). A quantitative analysis shows
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that DFT results for TMD bilayer equilibrium distances and
binding energies, obtained at the level of HSE + MBD-NL,
differ from RPA calculations’’ by ~1.5% and 20.3%
(calculated as the absolute difference between the RPA and
DFT values relative to the RPA result), respectively (see Table
1). In comparison, vdW-DF-C09 was found to overestimate
BEs by ~40%.”*

3.2. Sliding PESs. Figure 3 and 4 present the
corresponding sliding PESs for the homogeneous MoSe,/
MoSe, and the heterogeneous MoS,/WS, interfaces, calcu-
lated at their fixed equilibrium interlayer distances. The left
columns present the DFT reference data for the parallel (panel
a, starting from the AA stacking mode) and antiparallel (panel
d, starting from the AA’ stacking mode) configurations. PESs
for the other homo- and heterojunctions are provided in
Supporting Information Section 2. In total, 25 BE curves and
10 sliding PESs serve as a reference data set in the ILP
parametrization procedure.

3.3. Formula of the Interlayer Potential. The functional
form of the ILP is the same as that used previously for MoS,,
graphene, and h-BN interfaces, namely:**~>>*7**

V(ry, m, m) = Tap(r) [Vye(1;) + Vi 1y, my, m))] (1)
Where,
1 Cs ij
Valry) = = e ’
VT e a1 S ®)

is a long-range pairwise term that represents van der Waals
attraction,

o l—ﬁ]
n, nj) =e ][ b {eij + Cij[e:_(”fi/}'v)2 + e_(/'if/yti)z]}
(3)

is a short-range registry-dependent term that represents Pauli
repulsion, and

‘/rep(rij’
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Figure S. Illustration of the various distance vectors involved in the ILP expression. (a) Perspective view of a TMD bilayer showing the full

interatomic distance vector r;

between atom i residing in one layer and atom j residing in its adjacent layer, the local normal vectors, n; and n;, and

the lateral distances p;; and p;;. (b) Top view of the bottom TMD layer showing the six nearest neighboring atoms of atom i within the same TMD
sublayer, used to define the corresponding local normal vector n;. The atomic false color scheme follows that used in Figure 1, where atoms residing

in different layers are marked with different colors.

Tap(r,) = 20| -2 7 70| 6+84 L
ap(r.) = — - —
P R R

5
cut cut Rcut ]
)
=35l —| +1

Rcut (4)
is a taper function that smoothly reduces the potential and its
derivatives (up to third order) to zero beyond an interatomic
cutoff distance of R, = 16 A. Here, ry = Iryl is the interatomic
distance between atom i residing in one layer and atom j
residing in its adjacent layer, n; is the surface normal vector at
the position of atom i calculated through its six nearest

neighboring atoms residing in the same sublayer as atom i (out
of the three sublayers of a given TMD layer, see Figure 5),

N.

6

1

n =— N-=—E r X 1)
i |M|’ i 6k:1 ( k,i k+1,i

©)

where r,; = r, — r, k = 1,2,-+, 6, and the summation is cyclic
with r;,; = r,, Cs; is the pairwise vdW attraction coefficient,
r,-jeff is the sum of the effective equilibrium vdW atomic radii, d;;
and sg; are unitless parameters determining the steepness and
onset of the short-range Fermi—Dirac-type damping function,
€; and C; are constants that define the energy scales
corresponding to the isotropic and anisotropic repulsions,
respectively, §; and y; set the associated interaction ranges, and
@; is a parameter that sets the steepness of the isotropic
repulsion function. Importantly, the anisotropic repulsive term
depends not only on the pairwise distance, r;, but also on the
lateral interatomic distance, pij(pﬁ), calculated as the distance
of atom j(i) to the surface normal, n; (1), of atom i(j) as
shown in Figure 5:

"i;z' - (”i;"”i)z

2 2
Vi — (';i‘"j) 6)

We note that interlayer Coulomb effects are found to be
considerably weaker than van der Waals interactions in our
systems (see Section 4 of the Supporting Information), thus
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Coulomb effects are ignored in the ILP formula of eq 1,
thereby considerably reducing the computational burden.’

3.4. Fitting Protocol. In total, the ILP expression involves
a set of nine pairwise parameters € = {a,j, B Vip € Cip dijp Srip
rifff, Cs,j}, where each parameter is symmetric with respect to
index interchange due to the symmetry of the interaction.
These parameters are fitted against the M = My + M, (M, = 25
BE curves and M, = 10 sliding PESs) reference DFT data sets.
For convenience, we denote the BE curves as E2, (€), m € [1,
25], and the sliding PESs as E;, (€), m € [1, 10]. To balance
the large energy variation in BE curves, especially in the
subequilibrium regime, against the relatively low energy
corrugation of the PESs, we define the following objective
function:

M,

DE) = ) Wil EX(E) — EXOFT),+
n;wzsl
3w I ES(E) — EXPFT,
m=1 (7)

where the contributions of BE curves and sliding PESs are
weighted with factors of w®, (d < i) =1, wd (d > deg) = 40
and w;, = 100, respectively, where d is the interlayer distance,
deq is its equilibrium value for the m™ BE curve, and ||---|, is
the Euclidean norm (2-norm) that measures the difference
between the ILP predictions and the DFT reference data. The
ILP parameters are set by minimizing this objective function
using an interior-point algorithm implemented in the
MATLAB software suite.”*** Additional details pertaining to
the fitting procedure can be found in refs. 25 and 27. The fitted
parameters are provided in Supporting Information Section 3,
along with the corresponding MoS, parameters obtained in our
previous study.”® The ILP obtained using this scheme provides
very good agreement with the HSE + MBD-NL reference data
for both BE curves (see Figure 2 and Table 1) and PESs
(Figures 3, 4, and S3—S5). The maximal and average BE
deviations among the five high symmetry stacking config-
urations depicted in Figure 1 are 1.91 and 0.63 meV/atom,
respectively. The corresponding values for the PESs are 1.42
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Figure 6. Transferability test of the developed ILP BEs, at high-symmetry stacking modes of the four bilayer heterojunctions deliberately excluded
from the training set: (a) MoS,/WSe,; (b) MoSe,/WS,; (c) MoSe,/WSe,; (d) WS,/WSe,.

and 0.40 meV/atom, respectively (see Figures 3, 4 and S3—
S5).

4. BENCHMARK TESTS

4.1. Transferability of the Parameters. As a test for the
transferability of our ILP parametrizations, we compare the
ILP BEs of the four bilayer heterojunctions not included in the
reference data set to the corresponding HSE + MBD-NL
values, obtained at the high-symmetry stacking modes
presented in Figure 1. As shown in Figure 6, the parametrized
ILP transfers well to heterojunctions outside its training set
that involve the same TMD atom types, with a maximal BE
deviation of 2.12 meV/atom and a corresponding average
value of 0.96 meV/atom. Furthermore, the transferability of
the ILP is demonstrated by comparing the BE curves and
sliding PESs of homo- and heterojunctions that are outside the
training set (see Section S of the Supporting Information).

4.2. Lattice Constants and Bulk Moduli. To further
benchmark the parametrized ILP, we compare ILP-computed
structural parameters, (a and c lattice vectors and volume, V)
of bulk MoSe,, WS,, and WSe,, and their dependence on
hydrostatic pressure (P), to available experimental and first-
principles results. To that end, we constructed supercells
consisting of 12 rectangular layers stacked in the AA’ mode,
with each layer containing 1250 M + 2500 X atoms. The initial
values of the c lattice vector were set to 13.2, 12.8, and 13.2 A
for MoSe,, WS,, and WSe,, respectively. The intra- and
interl;?rer interactions were described by the Stillinger—Weber
(SW)® potential and the parametrized ILP, respectively. All
MD simulations were performed using the LAMMPS
simulation package®® with a time-step of 1 fs, and periodic
boundary conditions applied in all three directions. A Nosé—
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Hoover thermostat with a time constant of 0.25 ps was
employed to maintain the system temperature at T = 300 K.
Hydrostatic pressure was adjusted by relaxing the simulation
box dimensions using a Nosé—Hoover barostat with a time
constant of 1.0 ps.6 %% To obtain the ¢—P, a—P, and V—P
curves (see Fig. S12 in Sec. 6 of the Supporting Information),
the simulation systems were first equilibrated in the NPT
ensemble at a temperature of T = 300 K and a fixed target
pressure for 100 ps. Thereafter, structural parameters were
computed by averaging over a subsequent simulation period of
100 ps. Bulk moduli were then obtained by fitting the
calculated V—P curves (see Figure S12) with the Murnaghan
equation of state (EOS):%7°

V(P)/V, = [1 + B,/BS-PT"/® (8)

here, V,, and V(P) are the unit-cell volumes in the absence and
presence of external hydrostatic pressure, and BY, and Bi, are
the bulk modulus and its pressure derivative at zero pressure,
respectively. For completeness, bulk moduli were also
calculated by fitting V—P curves with two other commonly
used EOSs: (i) the Birch—Murnaghan equation”"”* and (ii)
the Vinet equation,””’* where By, assumes a polynomial and
exponential dependence on the pressure, instead of the linear
dependence assumed in the Murnaghan EOS (see Supporting
Information Section 6 for further details).

Figure 7 presents the ILP results and available literature data
for the equilibrium structural parameters a, (top row) and c,
(middle row) and bulk moduli (bottom row) for the three
homojunctions considered. The g, parameter, which is mostly
affected by the adopted intralayer SW potential, shows good
agreement with experimental results and most of the
dispersion-corrected DFT values, with deviations of 0.024,
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Figure 7. Comparison of ILP-computed 4, (a—c), and ¢, (d—f) lattice parameters, and bulk moduli (g—i), with available experimental and DFT
data for AA’-stacked bulk MoSe,, WS,, and WSe,. Reported experimental values and our NPT simulation results are presented as blue and red
circles, respectively. The error bars around the simulated data were obtained from the temporal standard deviation at equilibrium. In panels a—f,
they are smaller than the symbol size. The DFT reference data are taken from ref. 75. The experimental reference data are extracted from ref. 76
(Exp. 1), ref. 77 (Exp. 2), ref. 78 (Exp. 3), ref. 79 (Exp. 4), ref. 80 (Exp. S), ref. 81 (Exp. 6), ref. 82 (Exp. 7), and ref. 83 (Exp. 8), respectively.

0.023, and 0.014 A from experiments (averaged over available
measured data) for bulk MoSe,, WS,, and WSe,, respectively.
Similarly, the ¢, parameter, which is determined by the ILP,
shows good agreement with both experimental results and
most of the dispersion-corrected DFT values, with deviations
of 0.297, 0.419, and 0.380 A from experiments (averaged over
available measured data) for bulk MoSe,, WS, and WSe,,
respectively. As may be expected, despite the fact that LDA
predictions agree well with the experimental values, which is
known to be a result of fortuitous error cancellation, dispersion
corrections to DFT are important for obtaining reliable
interlayer lattice constants, as demonstrated by the significantly
overestimated PBE values. The Murnaghan bulk moduli of
MoSe,, WS,, and WSe, are 39.8 + 5.8, 38.6 + 5.3, and 34.1 +
4.1 GPa, respectively. Similar values were obtained using the
other EOSs (see Table S2 in Supporting Information Section
6). These values underestimate the experimental results by
~19.5, 32.5, and 52.6%, respectively, and agree with most of
the previous dispersion-corrected DFT results. We note that
the same trends were also found for bulk MoS,.

4.3. Phonon Spectra. For examining the accuracy of the
ILP parametrizations, we use the parametrized ILP along with
the intralayer SW potential to calculate the phonon spectra of
the various homogeneous and heterogeneous junctions, which
play a central role in their mechanical, thermal transport, and
tribological properties. To that end, we follow the protocol
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described in refs. 27 and 28, where the dynamical matrix of the
systems is first calculated in LAMMPS® with a numerical
differentiation step size of 107° A, then diagonalized to obtain
the phonon spectrum. The supercell used in these calculations
contains 25 X 25 X 6 unit cells (a total of 45,000 atoms). A
grid of 201 points in reciprocal space was used to plot each
branch of the phonon spectrum. Figure 8ab presents the
dispersion relations for bulk MoSe, and bulk alternating
MoS,/WS,. The dispersion of the low energy out-of-plane
branches (near the I' point), which is related to the soft
flexural modes of the layers and highlighted by green dotted
rectangles (see Figure 8c,d), is mainly determined by the ILP,
while the high energy modes depend mainly on the intralayer
SW potential term. Notably, the isotropic Lennard-Jones (L])
interlayer potential, parametrized by the universal force field,**
considerably underestimates the out-of-plane phonon energies.
Similar trends are found for the other bulk TMD systems
considered (Supporting Information Section 7).

4.4. Atomic Reconstruction in Twisted TMD Bilayers.
To further demonstrate the applicability of the parametrized
ILP for the description of twisted TMD interfaces, which are
not included in the reference DFT data set,®> we evaluate its
ability to capture the complex reconstructed moiré super-
structures exhibited by twisted MoS, interfaces. To that end,
we construct laterally periodic rectangular structures of twisted
MoS, bilayers at both the parallel and antiparallel config-
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Figure 8. (a) Phonon spectra calculated using the ILP with the SW
intralayer potential for (a) bulk MoSe, and (b) bulk alternating
MoS,/WS,. Red solid lines are dispersion curves calculated using the
parameters listed in Table S1. L] results are presented for comparison
by the blue dashed lines. Panels (c, d) show zoom-ins on the low-
energy phonon modes near the I'-point, marked by the dashed green
rectangles in panels (a, b), respectively.

urations, and perform geometry optimization using the SW°
potential and our ILP (both implemented in LAMMPS®®) to
describe the intra- and interlayer interactions, respectively. The
optimization is performed in multiple steps to ensure structural
relaxation and the release of residual stress. Initially, the atomic
positions and the simulation box dimensions of the bilayer
models are optimized using the “box/relax” keyword with the
conjugated gradients (CG) minimization (a force convergence
criterion of 107 eV A™! is used throughout). This is followed
by atomic position relaxation using the FIRE algorithm.*® The
above-mentioned geometry optimization process is repeated
for 10 cycles to fully relax the box. To verify that the system
does not get trapped in a local minimum, the whole system is
heated to 300 K during 100,000 time steps using the Nose—
Hoover thermostat with a time-step of 0.25 fs, followed by
thermal equilibration at 300 K and zero pressure for another
100,000 steps with a time-step of 1 fs, where the pressure is
controlled by the Nosé—Hoover barostat. After these steps, the
system is further optimized using the FIRE algorithm, followed
by 10 more cycles of box relaxation using the CG algorithm.
Finally, the system is optimized again using the FIRE
algorithm. The optimization procedure described above
ensures full relaxation of the residual stress in the considered
structures.

As shown in Figure 9, the parametrized ILP used in
conjunction with conventional intralayer force fields repro-
duces well the experimentally observed atomic reconstruction
patterns in twisted MoS,.”> Specifically, the triangular and
hexagonal moiré superlattice patterns exhibited by parallel and
antiparalle]l twisted MoS, reconstructed bilayers, respectively,
are nicely captured. These results strongly support the validity
of our parametrized ILP to describe twisted TMD interfaces.

5. CONCLUSIONS

In conclusion, the benchmark tests presented above demon-
strate the validity range of the developed ILP for group-VI
layered TMD systems of the formula MX,, where M = Mo, W,
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Figure 9. Comparison of experimentally observed and computed
MoS, bilayer reconstructed superstructures. (a, c) Filtered annular
dark-field scanning transmission electron microscopy images of
suspended twisted MoS, bilayers stacked in the parallel (a) and
antiparallel (c) configurations with twist angles of 6 = 0.65° and 6 =
0.25°, respectively. (b, d) Local registry index’’ corrugation (gray
scale) of twisted MoS, bilayers in the parallel configuration with 6 =
0.65° (b) and the antiparallel configuration with 6 = 0.25° (d),
relaxed using the parametrized ILP. Colored panes highlight different
types of domains. The yellow and green markings stand for AB and
BA stacks in panel (b) and the AA’ and A’'B stacks in panel (d),
respectively. Panels (a) and (c) are adapted, with permission, from
ref. 85. Copyright 2020 Springer Nature.

and X = §, Se. The force-field parametrization against reference
data sets, obtained using screened hybrid DFT augmented by
nonlocal many-body dispersion corrections, yields good
agreement with experimental lattice parameters and is found
to be transferable to TMD interfaces outside the training set
that contain the same type of atoms. The calculated bulk
moduli agree with most previous dispersion-augmented DFT
predictions, which underestimate available experimental values.
The successful construction of a registry-dependent interlayer
potential based on state-of-the-art many-body dispersion-
corrected DFT reference data for homogeneous and
heterogeneous TMD interfaces opens the way for efficient
yet accurate large-scale simulations of their dynamical,
tribological, and heat transport properties.
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