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Moment Tensor Potential (MTP) model and training

As detailed in ref.! the MTP energy expression is given by eq. 1:

EMTPh) = Y V(n (1)

i € Neighborhoods

where V' is the interatomic potential in a given interaction neighborhood and is seen as a
family of functions with different number of arguments. It is required to follow permutation,
rotation and reflection invariance, needs to be smooth with respect to atoms in the interaction

neighborhood, and is defined as:

Ving) = Y &Baln) (2)

a € basis



In eq. 2, {£,} are the trainable coefficients, obtained with a regularized linear regression
based on the energy, all the forces, and stress tensor. {B,} are the basis functions, which

are obtained as contracted products of the moments tensors:

Bo= || M. (3)

w,v € levels

where {M,,,} are such moment tensors, obtained with f, control functions, based on Cheby-

shev polynomials, and are defined as:

MMV = Z fu(rija Zi7 Z]) T ®..Q T (4)
- ——

J v times

where 7;; ® ... ® r;; is the Kronecker product of v copies of the vector r;; € RY, assuming
R? is a smooth function.
As discussed in the main text, our training set consisted of 780 1L configurations that

included pristine and alloyed systems, as follows:

e MoS, unit cell (see Figure S1 (a)): 300 configurations consisting of 1x1x1, 2x2x1,

3x3x1, 4x4x1 and 5x5x1 supercell repetitions, 60 each.

e WS, unit cell (see Figure S1 (b)): 300 configurations consisting of 1x1x1, 2x2x1,

3x3x1, 4x4x1 and 5x5x1 supercell repetitions, 60 each.

e Moo s Wy 532 unit cell (see Figure S1 (c)): 120 configurations consisting of 1x1x1 and

2x2x1 supercell repetitions, 60 each.
e Moys Wy 552 5x5x1 supercell (see Figure S1 (d)): 60 configurations.

The unit cells that are shown in Figure S1 are hexagonal with lattice vectors a; = ay =
3.1604 A for MoSs, a1 = ay = 3.1532 A for WS,, based on the experimental values. For
the alloys, we constructed MogsWg 552 configurations with random distribution of Mo and

W atoms, and lattice vectors a; = ay = 6.3136 A for the 2x2x1 system in Figure S1(c) and
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Figure S1: Unit cells used for 1L- (a) MoS,, (b) WSy and (¢) Mogs W 552 training configu-
rations. (d) 5x5x1 MogsWq 53, supercell used in the training set. (e) Alloy configuration in
(d) with a single sulfur vacancy, indicated by the red-dashed circle. Blue, green and yellow
spheres correspond to W, Mo and S atoms, respectively.

a; = ay = 15.784 A for the 5x5x1 system in Figure S1(d). We added 30 A of vacuum to
all the configurations for avoiding interactions with their periodic replicas in as.

40 out of the 60-configuration sets were obtained by adding small random displacements
to the atomic coordinates in the supercell with up to 0.15 A atomic rattling amplitude
and expanding/contracting the lattice vectors within +5%. The remaining 20 configura-
tions of each set were obtained with MD trajectories of the supercell, with lattice vectors
contracted /expanded by £10%, under the canonical ensemble (NVT), using a Langevin ther-
mostat and a friction constant of 0.01 fs™!. Temperature was increased from 1 to 1000K
during 100 fs, with a 1 fs time step, and 1 sample was extracted every 10 frames. Overall,
20% of the structures are used for testing.

We obtained the corresponding energies, forces and stresses for each configuration with
DFT, using the LCAO (linear combination of atomic orbitals), as implemented in the Quan-
tumATK package,?® where the Kohn-Sham (KS) Hamiltonian is represented in the basis
of double-zeta polarized (DZP) orbitals on all atoms, using a density mesh cut-off of 125

Hartree and a 4 A k-point density along a; and as. The electron-core interactions are



described with the Perdew-Burke-Ernzerhof (PBE) parametrization of the generalized gra-
dient approximation (GGA).* We minimized the atomic coordinates with a 1072 eV and
1072 eV/A energy and force criteria, respectively.

The fitted MTP contained 2000 basis functions with an outer cutoff radius of 6 A for
each element pair. The root-mean-square deviation (RMSE) obtained in the optimization of

the non-linear coefficients is summarized in Table S2 for both, training and testing.

Table S1: RMSE for energies, forces and stresses, obtained for the training (80%) and testing
(20%) configurations.

Training | Testing
Energy/atom (eV) | 0.0012 | 0.0017
Force (eV/A) 0.0310 | 0.0312
Stress (eV/A?) 0.0017 | 0.0019

Phonon dispersion of fully relaxed structures

As discussed in the main text, the trained MTP potential shows very good agreement with
the DFT calculations. This includes capturing a "negative” energy band near the acoustic
mode. This is merely an artifact of the training, but it attests to its validity. As we show
in Figure S2, the MTP acoustic modes are positive, when the atomic positions and lattice
parameters are fully optimized (see Table). Nonetheless, the chosen DFT functional and
self-consistent convergence criteria result in a reduction of ~ 20 — 30 cm ™! in the frequency
of the optical modes.

Additionally, to test the stability of the trained MTP for alloy configurations with sulfur
vacancies, we remove a single S atom to the Moy sW 552 configuration in Figure S1(d), as
marked by the red-dashed circle, and perform full optimization of lattice parameters and
coordinates, resulting in the structure shown in Figure S1(e), and observing that the defect

does not result in significant structural deformations.
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Figure S2: Phonon dispersion diagram for the fully relaxed 1L- (a) MoS,, (b) WS, unit cells.

Table S2: Comparison of the fully relaxed lattice parameters (a; = ay in units of A) for
MoSs and WS, unit cells.

System DFT MTP
MoS, | 3.248765 | 3.319738
WS, | 3.256730 | 3.254932

Calculation of thermal conductivity

We setup the following MD sequence for calculating the thermal conductivity, s, with the
NEMD method: ¢) 100 ps under the canonical ensemble (NVT) to slowly increase the tem-
perature of the system to 300K, i) 100 ps of volume relaxation at 300K under the isother-
mal-isobaric ensemble (NPT), #ii) 100 ps of aditional NVT at 300K for thermal equilibration,
and v) 1 ns of non-equilibrium momentum exchange under the microcanonical ensemble
(NVE). The latter is used for obtaining the average heat current of each case and produce a
temperature profile during the last 500 ps of the simulation.

We now show an example of the x calculation for a 1L-MoS, system of length [ = 132 nm
using the NEMD method and comparing the trained MTP with the SW potential in.® Figure
S3(a) shows the heat current from source to drain terminals (dQ/dt) during 1 ns of non-
equilibrium momentum exchange, where we obtain average values of 0.968 and 0.878 eV /ps

for SW and MTP, respectively. As observed in Figure S3(b), we obtain the temperature



profile of the sample during the last 500 ps of the MD run and calculate the differential of
temperature over distance (d7'/dz) in the middle of the system, where we can approximate
a linear fitting with slope of -0.238 and -0.376 K/nm for SW and MTP, respectively. Then,
we estimate a cross-sectional area S = 15.26 nm?, assuming a monolayer thickness of 0.6033
nm and a width of 25.3 nm. Lastly, we compute k = —(1/5)(dQ/dt)/{dT/dz), which results
in 42.56 and 24.48 WK~'m™! for SW and MTP, respectively. These results are then used to

extrapolate the infinite thermal conductivity, k., as discussed in the main text.
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Figure S3: (a) Heat current and (b) temperature profile of a 11.-MoS, sample of length [ =
132 nm, comparing the trained MTP with SW calculations.

On the other hand, the NEGF calculates the thermal conductance, o, by obtaining the
phonon transmission spectrum from the phonon Green’s function G(w), which is mathemat-
ically similar to the calculation of electron currents with the electron Green’s function G(E),
but using the diagonal matrix with the element masses M (instead of the identity matrix
I) and the dynamical matrix of the central region K¢ (instead of the Hamiltonian H ),
which is connected to two semi-infinite, defect-free regions, one to the left and one to the
right, with self-energy matrices ¥y p(w).®

After calculating k for the finite length systems, we obtain the thermal conductivity of
infinite systems, ko, by extrapolating x with the expression: 1/k = (1 4+ A/l)/Keo,’  where
[ is the length of the sample and A is the effective phonon mean free path, assumed to be

100 nm in all cases. Table S3 summarizes our results for 1L-MoS, and 1L-WSs systems, and

compares with previous measurements and calculations of .



Table S3: Experimental and theoretical thermal conductivity of 1L-MoS, and 1L-WS,

TMD Method k(WK Tm 1)

MoS, | Temperature-dependent Raman 34.5+£410
Time-resolved spectroscopy 744211
Opto-thermal Raman 8441712

NEMD 1.3513

NEMD 18.06

NEGF 23.215

Slack 33.616

NEMD 38.117

NEMD - MTP (this work) 43.2

NEGF - SW (this work) 66.1

NEGF - MTP (this work) 63.4

NEMD - SW (this work) 75.1

BTE 8318

BTE 10319

BTE 13120

WS, | Temperature-dependent Raman 3221
Slack 31.816

NEGF - MTP (this work) 33.7

NEMD - MTP (this work) 51.4

BTE 14219
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