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Abstract

We derive and validate a machine-learned interatomic potential, based on the Chebyshev Interaction
Model for Efficient Simulation, for the lead-free double perovskite Cs,NaYbClg, with special
emphasis on native defect behavior. Starting from Density Functional Theory (DFT) reference data,
we construct and benchmark several ChIMES parametrizations, varying body-order expansions and
cutoffs, against DFT for equilibrium lattice constants, Birch-Murnaghan bulk moduli, and lattice
thermal conductivity. The optimal parametrization reproduces with high accuracy the lattice
constant, bulk modulus, thermal conductivity, and chlorine-vacancy formation energy while
limiting computational workload, with an efficient scaling up to 10° /10* atoms. We finally
benchmark the potential by comparing radial distribution functions from molecular dynamics at
300 K. Long NVE runs on pristine and Cl-vacant supercells (up to 500 ps) confirm excellent energy
conservation.

1. Introduction

The perovskite structure (ABX3) has emerged as a cornerstone in materials science due to its remarkable
compositional flexibility and broad range of physical properties. These materials have shown promise in
various applications, notably photovoltaics, achieving remarkable power conversion efficiencies comparable to
traditional silicon technologies within a short period [1, 2]. Beyond photovoltaics, their utility extends to LEDs,
photodetectors, catalysts, and thermoelectric devices [3, 4]. However, the widespread commercialization of
lead-based perovskites faces significant challenges, primarily due to lead toxicity and limited long-term stability
[2, 5]. For this reason, the interest of the community has shifted towards double perovskites (A,B’B"X), where
two distinct metal cations occupy the B-sites, offering enhanced stability, tunability, and novel properties such
as magnetism and ferroelectricity [6—8]. Lead-free double perovskites thus represent a sustainable and versatile
alternative, explored extensively for a large variety of applications [5, 8—12].

Defects largely affect the optoelectronic properties and, therefore, overall performance of perovskites, parti-
cularly in photovoltaic applications. In fact, defects can introduce localized states within the band gap, leading to
carrier trapping, reduced mobility, and non-radiative recombination, hence deteriorating device performance
[13, 14]. While lead-halide perovskites exhibit notable defect tolerance, maintaining good optoelectronic proper-
ties despite defect densities [15, 16], lead-free double perovskites present distinct defect landscapes. These materi-
als exhibit defects, such as anti-site disorders and vacancies, which significantly affect carrier dynamics and
electronic properties [17, 18]. For instance, bismuth-based double perovskites (e.g., Cs,AgBiBry) typically feature
high defect densities, limiting their optoelectronic performance without meticulous defect engineering [18, 19].
Thus, effective defect management strategies, including doping, stoichiometric adjustments, and surface or grain
boundary passivation, become essential for optimizing their performance[10, 20, 21].

In this context, atomistic simulations are valuable tools, from elucidating the microscopic properties of
perovskites and their defects, to addressing limitations inherent to experimental techniques, simulations enable
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precise calculations of defect formation energies, electronic band structures, optical spectra, and vibrational
properties, thus predicting defect types and their electronic impacts [20, 22, 23]. Additionally, simulations
allow high-throughput screening of perovskite compositions, predicting stability and defect tolerance before
experimental validation [17, 18]. They can be particularly useful in characterizing doping effects, passivation
mechanisms, and the complex interactions of defects with grain boundaries or surfaces [24, 25]. While first-
principles methods, such as Density Functional Theory (DFT), offer accurate quantum mechanical insights
into perovskites, their high computational cost limits applicability to relatively small systems and short time-
scales [20, 26]. Accordingly, to explore phenomena occurring over larger scales, such as ion migration, phase
transitions, thermal transport, and mechanical properties, classical Molecular Dynamics (MD) simulations
with interatomic potentials become essential [24, 27]. MD simulations can model ionic diffusion pathways,
predict phase transition dynamics, calculate thermal properties, and assess mechanical responses under realis-
tic conditions [27-31]. However, traditional MD faces a significant challenge in perovskites: the lack of accurate
and transferable potentials capable of capturing complex bonding interactions, electronic polarization, and
soft phonon dynamics typical of these materials [28, 32]. In the last decade, machine learning interatomic
potentials (MLIPs) have progressively become a standard for MD simulations, offering near-DFT accuracy
with substantially lower computational demands [33, 34]. MLIPs based on neural networks or Gaussian regres-
sion techniques have successfully modeled diverse materials, predicting structural stability and dynamic prop-
erties with high fidelity [35, 36]. Nevertheless, their construction often requires extensive datasets and
computational resources, limiting their broader adoption. Alternatively, linear models like the Chebyshev
Interaction Model for Efficient Simulation (ChIMES) offer computational efficiency with comparatively mod-
est training data requirements [37, 38]. ChIMES has successfully modeled various complex materials, demon-
strating accurate force and energy predictions for both reactive and non-reactive systems [39-42].

In this work, we apply the ChIMES framework to model interatomic interactions in the Cs,NaYbCls double
perovskite, with a focus on native defects. The development of double perovskites like Cs,NaYbClg is driven by
the need for a high-performance material that addresses the two critical drawbacks of conventional lead-halide
perovskites. In fact, this system is designed to solve the lead toxicity and the stability issues simultaneously: the
heterovalent substitution strategy where the two toxic divalent lead ions in the crystal lattice are replaced by a
pair of non-toxic ions: one monovalent (Na™) and one trivalent (Yb>"). This approach allows the material to
retain the beneficial three-dimensional perovskite crystal structure while eliminating lead and creating a more
robust, all-inorganic framework [43, 44]. We benchmark the ChIMES potential against DFT calculations for
structural properties, thermal conductivity, and defect formation energies. The paper is structured as follows:
the Methods section details our DFT calculations and potential training. Results and Discussion compare
structural predictions and thermal properties, selecting optimal parametrizations validated by defect forma-
tion energies. Finally, we present the MD simulation results and conclude by summarizing the key findings and
outlining future directions.

2. Methods

To build our training set, we performed DFT-MD calculations with periodic boundary conditions using the
QUANTUM ESPRESSO package [45]. We adopted the Perdew—Burke—Ernzerhof (PBE) functional [46], employ-
ing ultrasoft pseudopotentials [47] and a plane-wave basis. A kinetic-energy cutoff of 66 Ry and a charge-
density cutoff of 323 Ry were adopted throughout, together with self-consistency thresholds of 10~'° Ry for the
total energy and 10~ ° Ry A~ for the Hellmann-Feynman forces. A Gaussian smearing of 10~ * Ry was applied.
Initial structural optimizations of the primitive ten-atom cell of Cs,NaYbCl, were performed on a I'-centered
8 x 8 x 8 k-point grid to extract the equilibrium lattice constant. Molecular dynamics calculations were carried
outona?2 X 2 x 2replica of a cubic conventional supercell, considering only the I' point in the Brillouin zone.
For the calculation of lattice thermal conductivity via the Boltzmann Transport equation (BTE), all phonon
properties were obtained from the interatomic force constants (IFCs) computed by the finite-displacement
method as implemented in the ALAMODE suite [48]. The aforementioned 2 x 2 x 2 supercell was considered,
and anharmonic IFCs were generated by displacing atoms within a cutoff radius of 5.29 A for third-order. In
contrast, harmonic IFCs included all pairwise interactions within the same cell. Force calculations were
performed on each displaced atomic configuration, using the lattice parameter obtained from full structural
relaxation and maintaining the same plane-wave and charge-density cutoffs. Phonon linewidths were then
sampledona5 X 5 X 5 q-point mesh, which resulted in a well-converged thermal conductivity tensor, £,
[49]. The isotropic bulk thermal conductivity was finally obtained as the trace of the tensor:
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ko (T) = g[fexx(T) + Ky (T) + s (T)] (1)

To obtain the potential for the Cs,NaYbCl perovskite, we adopted the ChIMES framework. We will pro-
vide only relevant information of the core formalism here, since it has been extensively explained previously
[37, 38,50, 51]. Starting from a many-body expansion of the total energy, the DFT reference energy may be
formally expressed as

M,

n, n, 1,
ZEillB + Z E,?i Z El?glz Z E:gl314+ ot Z E:g “inp (@)

i > i>iy>13 I>1>i3>10, >0y gy 1>y

where 1, denotes the total number of atoms and n;; the maximal body order. The one-body term E;!” reduces to
constant atomic energies, while the two-body E27, three-body E;’7; , etc describe successively higher-order
interatomic interactions. In the ChIMES formalism each n-body contribution is expanded as a linear
combination of Chebyshev polynomials of the first kind, T,,(x), with the argument x = cos § mapped to the
interval [—1,1] viaa Morse-like transformation S(r;;) [52—54]. For the two-body component one obtains

Nop

Ei® = f,() + f.(r) Y, CuTlxy) 3)
n=1
where C, are the permutationally invariant coefficients for the pair (i, j), fo(r;;) is a Tersoft-type cutoff [55] that
smoothly vanishes beyond a prescribed distance, and f,(r;;) imposes a soft penalty to prevent sampling outside
the training range. The Morse mapping x;; = S(r;;) adopts A as the distance of the first-peak maximum in
the pair correlation function. Higher-order terms are constructed by forming clusters of n atoms and taking the
product of the corresponding two-body Chebyshev polynomials over the (Z ) unique pairs. In particular, the
three-body term reads
Nsg N3 N

1]k f (rz] )f (rzk)f (r]k)zzz CrstT(xlj)T(xzk)T;(x]k) 4)
r=1s=1t=1
with C,, the permutationally invariant triplet coefficients. Penalty functions remain restricted to two-body
distances, ensuring computational tractability. Extensions to four-body or higher interactions follow
analogously [56].
All ChIMES parameters are determined by minimizing the objective function

1/2
l (EZ > wi (AE,)? + Z Z Wy (Ad,a)® + Z wi (AE) ) (€)
NdThlal T=la=1 T=1
where M is the total number of configurations in the training set, N;= 3MN + 3M + M the total count
of force components, stress tensor components, and energies, and AE, = Fiygs, — Fppr, » Adus =
OChiMEs,, — ODrr, ,» and AE; = Efyyps — Eppr The symbol w corresponds to a diagonal matrix of weights to

be applied to the elements of B, and rows of A which accounts for the different orders of magnitude of forces,
stresses and energies. In the present work, only atomic forces and stress components were included in the fit,
hence the energy term AE was omitted, and we applied a unit weight to the forces, while a weight of w,, =

10 GPa™ " was considered for the stress tensor component. The linearity of the ChIMES potential on its fitting
coefficients allows the implementation of robust global optimization techniques that are otherwise inaccessible
to non-linear machine-learning models. For this work, we employed Least-Angle Regression (LARS) with Least
Absolute Selection and Shrinkage Operator (LASSO) regularization [57-59], using a regularization parameter
a=10"". All force field validations and production runs were performed using LAMMPS [60], employing a
timestep of 1 fs. All our simulations were performed with periodic boundary conditions in all directions.

3. Results and discussion

To build our training set, we started considering a 3-ps-long MD run of the aforementioned Cs,NaYbClg
conventional cell at 300 K. To ensure statistically uncorrelated data, we extract one configuration every 100 fs,
totaling 30 configurations. The same approach was adopted, extracting configurations from an equilibrium
MD run on a strained and on a compressed simulation cell (by changing the cell length and atomic distances by
~2% along each direction), extracting a further 10 configurations in total. Previous implementation of ChIMES
on semi-empirical quantum simulations proved that the inclusion of randomly displaced atomic configura-
tions dramatically improves the stabilization of the regularization problem [61]. For this reason, we included
300 randomly displaced configurations of an optimized Cs,NaYbClg conventional cell and 200 randomly
displaced configurations, respectively, of the strained and compressed simulation cell mentioned above. In
total, the training set consists of 740 different atomic configurations of the Cs,NaYbClg perovskites.

3
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Figure 1. (a): Primitive unit cell for Cs,NaYbCls obtained from full structural optimization. (b) 40 40-atom conventional cubic cell
obtained by remapping the 10-atom primitive cell. The conventional cubic cell was used for harmonic and anharmonic vibrational-
related properties and for testing the potential during MD simulations.

Given the relatively large interatomic distances involved in the Cs,NaYbClg crystalline structure, we sam-
pled interatomic distances between 2.0 A and an outer cutoff of r.=5.5,6.0,6.5,and 7.0 A. Considering the
equilibrium structure of the Cs,NaYbClg perovskite shown in figure 1, the chosen values are enough to include
all main interactions, especially the nearest neighbors, and for some of the atomic species, these involve next
nearest neighbors as well. However, Na-Na and Yb-Yb interactions fall outside the investigated range and
hence will be excluded from our sampling. This should marginally impact the description of the forces inside
the crystalline structure as these interactions occur beyond the third coordination shell of most of the
Cs,NaYbClg atomic species. We also tested the ChIMES force field with different polynomial orders for the
two-body (N, ), three-body (Nsp), and four-body (N,p) terms. In what follows we will refer to the bodiedness/
polynomial order of the parametrization with the triplet N,y — N33 — Nyz. ChIMES yields forces and stresses
that closely match the DFT benchmarks across the dataset (see some examples in figure 2).

Columns 3 and 4 of table 1 compare the computed lattice constants for several variants of our ChIMES
force field against the lattice constant obtained by optimizing the simulation cell in ab initio calculations [49].
We remark that no other interatomic potentials are available in the literature for this perovskite, thus limiting
our comparison to just the first-principle results. The last column in the table reports the percentage deviation
from the ab initio lattice parameter. In general, the agreement is excellent, with an overall deviation from the
DFT lattice constant of ~0.90%. We remark that increasing the number of polynomials improves the agree-
ment only slightly, confirming the reliability of the training data in reproducing the equilibrium structure. In
fact, overly high polynomial orders are prone to overfitting and may result in poorer predictive performance.
Furthermore, expanding the sampled interatomic distance range does not translate in a better agreement with
the ab initio value. Although all the investigated parametrizations yield comparable precision, the minimum is
achieved for r,= 6.0 A. Interestingly, the addition of the four-body interactions does not improve appreciably,
which helps in limiting the number of fitting parameters of the ChIMES model and, consequently, the number
of computed interactions. For this reason, we decided to test the four body interactions only for the lowest
order polynomials parametrization (N,g = 8, N3g = 4, Nyg = 2) to limit the computational complexity for the
force-field testing phase. To test the stability of Cs,NaYbClg equilibrium structure, we calculated the cold curve
by progressively shrinking and expanding the lattice constants in each direction from 90% to 110% of the
reference equilibrium value. From the cold curve, we extracted the bulk modulus B, of Cs,NaYbCl, perovskite
by fitting the energy versus volume data with a Birch-Murnaghan equation of state [62, 63]

E(a) — Ey= %5%330[(52 — 1°Bg + 2(82 — 1)*(3 — 2£9)] (6)
where E, is the SCF energy evaluated at equilibrium lattice constant, By = (OB/ 0p)p—o>and £ = ay/a. The

results obtained by fitting our data with equation (6) are reported in table 1 (cols. 5 — 8): while the equilibrium
lattice constants extracted from BM equation fit show an excellent agreement with the first principle data and

4
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Table 1. ChIMES calculated lattice constants from geometry optimization, from fitting the equation of state
with equation (6) and bulk modulus obtained from the same equation, for different polynomial orders and r,

values.
Eq. lattice EOS lattice EOS Bulk
Te (A) Ny — N3p— Nyp constant (A) constant (A) modulus (GPa)
5.5 8-4-0 7.6296 1.03% 7.6416 0.98% 19.06 —17.10%
8-4-2 7.6302 1.02% 7.6425 0.97% 18.78 —15.33%
10-6-0 7.6327 0.99% 7.7119 0.07% 17.06 —4.80%
12-8-0 7.6340 0.97% 7.7338 —0.22% 16.87 —3.61%
14-10-0 7.6341 0.97% 7.7947 —1.01% 19.67 —20.85%
16-12-0 7.6341 0.97% 7.7382 —0.27% 15.81 2.88%
6 8-4-0 7.6367 0.94% 7.6381 1.02% 17.81 —9.41%
8-4-2 7.6372 0.93% 7.6380 1.02% 17.65 —8.39%
10-6-0 7.6391 0.91% 7.6317 1.11% 19.03 —16.90%
12-8-0 7.6399 0.90% 7.6625 0.71% 15.67 3.78%
14-10-0 7.6391 0.91% 7.7815 —0.84% 19.02 —16.81%
16-12-0 7.6388 0.91% 7.7883 —0.92% 19.09 —17.28%
6.5 8-4-0 7.6356 0.95% 7.6412 0.98% 19.09 —17.27%
8-4-2 7.6362 0.94% 7.6442 0.94% 18.14 —11.41%
10-6-0 7.6382 0.92% 7.6384 1.02% 17.90 —9.95%
12-8-0 7.6405 0.89% 7.6384 1.02% 16.14 0.86%
14-10-0 7.6384 0.92% 7.6798 0.48% 14.96 8.13%
16-12-0 7.6388 0.91% 7.6526 0.84% 15.95 2.05%
7 8-4-0 7.6329 0.99% 7.6383 1.02% 19.50 —19.75%
8-4-2 7.6344 0.97% 7.6396 1.00% 19.17 —17.74%
10-6-0 7.6367 0.94% 7.6367 1.04% 18.02 —10.68%
12-8-0 7.6361 0.95% 7.6412 0.98% 18.40 —13.02%
14-10-0 7.6366 0.94% 7.6365 1.04% 17.43 —7.04%
16-12-0 7.6362 0.94% 7.6408 0.99% 17.01 —4.49%
DFT 7.709 7.717 16.28

with similar relative deviations from the optimized lattice constant, the bulk modulus is a handy quantity as it is
more sensitive to small structural variation. In fact the percentage deviation show a greater range of variation.
This is very helpful as it helps performing a first down-selection and allows to draw some preliminary
conclusions. Although the obtained bulk moduli are compatible with this class of perovskites [64, 65], the
general trend suggests that the parametrizations with 10 — 6 — 0 and 12 — 8 — 0 yield the best agreement with
the ab initio calculations. The prediction of the correct stiffness of the material is essential when investigating
the defect tolerance in perovskite [66]. The data and the fit obtained for the set 7, = 6.0 A, 12-8-0 are shown in
figure 3(a).

Understanding thermal conductivity « and thermal expansion is crucial for device engineering [31].
Perovskites, especially those with hybrid structures and soft lattices (i.e., easily deformed or distorted due to
relatively weak bonding and interactions between ions), often exhibit intrinsically low thermal conductivity,
which is particularly influenced by the presence of defects. A low thermal conductivity, while potentially bene-
ficial for thermoelectric applications, can lead to localized heating in photovoltaic and light-emitting devices
under operation, potentially accelerating degradation pathways or adversely affecting temperature-sensitive
charge carrier dynamics and overall device performance. For this reason, a correct prediction of the lattice
thermal conductivity is essential for an interatomic potential designed to investigate defects in perovskites. We
performed a final down-selection of our force-field candidates by calculating the thermal conductivity by
means of the BTE in the frozen phonon approximation, within the Relaxation Time Approximation. The
results are reported in table 2. The reported values are low, in line with observed values for this class of systems.
However, many candidates deviate significantly from the DFT-calculated value. To filter out these para-
metrizations, we decided to consider only the thermal conductivity with an absolute percentage deviation from
the reference number ofless than 10%. The final setsare 12 — 8 —0and 16 — 12 — O with r.= 6.0 Aand
10 — 6 —0and 16 — 12 — 0 with r.= 6.5 A, proving that the exclusion of the Na-Na and Yb-Yb interactions
doesn’t affect the accuracy of the potential. However, the 16 — 12 — 0 with 7, = 6.0 A shows a ~20% deviation of
the calculated bulk modulus, so we disregarded it and decided to focus our efforts on the remaining three.

In figure 2, we report the force and stress tensor correlation plots for the four chosen parametrization:
overall, all three candidates exhibit excellent linear correlation between the CHIMES predictions and the
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Figure 2. Forces and stress components correlation plots, as well as the relative root mean square error (RMSE), obtained for the
three shortlisted parametrizations 12 — 8 — 0 with .= 6.0 Aand10—6—0and 16 — 12— Owithr. = 6.5 A.

Table 2. ChIMES calculated thermal
conductivity from BTE for different
polynomial orders and r, values.

k(W mK™)
DFT 0.25

5.5 8-4-0 0.487 —94.7%
8-4-2 0.489 —95.7%

10-6-0 0.582 —132.8%

12-8-0 0.473 —89.3%

14-10-0 0.436 —74.5%

16-12-0 0.290 —16.1%

6 8-4-0 0.134 46.2%
8-4-2 0.133 46.8%

10-6-0 0.125 50.0%

12-8-0 0.262 —4.7%

14-10-0 0.285 —14.0%

16-12-0 0.230 8.0%

6.5 8-4-0 0.106 57.5%
8-4-2 0.116 53.7%

10-6-0 0.239 4.4%

12-8-0 0.180 28.0%

14-10-0 0.204 18.5%

16-12-0 0.225 9.9%

7 8-4-0 0.160 35.9%
8-4-2 0.166 33.6%

10-6-0 0.224 10.2%

12-8-0 0.280 —11.8%

14-10-0 0.314 —25.5%

16-12-0 0.297 —18.7%

reference DFT forces and stresses, but there is a clear-and expected-trend of steadily decreasing RMSEs as we
both enlarge the cutoff and raise the polynomial orders. The smallest-cutoff model (r, = 6.0 A, 12-8-0) already
delivers respectable performance for Cs (0.015 eV A~ Yand Na (0.012 eV Afl), but struggles most of all with
the heavy Ybion (0.026 eV A~!). By extending the cutoffto 6.5 Aand using a modest polynomial set (10-6-0),
the Yb RMSE shrinks nearly in halfto 0.017 eV A~! andall other species improve by 15-30%; the stress RMSE
likewise drops from 0.007 GPa to 0.004 GPa. Finally, pushing to the largest expansion (r.= 6.5 A, 16-12-0)
yields incremental gains (Cs/Na/Cl force errors dip below 0.01 eV A" Ybto0.016 eV A~  and stress to
0.003 GPa) but at the cost of almost doubling the number of fitting coefficients relative to the 10-6-0 model

6
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Table 3. Formation energy E,,. evaluated the three shortlisted parametrizations 12 — 8 — 0
withr,.=6.0 Aand 10 —6 —0and 16 — 12 — O withr.= 6.5 A.

EVaC (eV)
r.=6.04A, re=6.5A, r.=6.5A,

Natoms 12-8-0 10-6-0 16-12-0 Prac(cm™)
40 0.7212 0.5639 0.2340 2.24 x 10%
320 0.7028 0.5321 0.2248 2.80 x 10%°
1080 0.7011 0.5284 0.2243 8.31x 10"
2560 0.7009 0.5276 0.2242 3.50 x 10*°
5000 0.7008 0.5274 0.2242 1.79 x 10"
270 (DFT) ~0.835 2.80 x 10%°

(and worsening the simulations performances by almost a factor of 5). However, we stress that the Yb-Yb inter-
actions were not explicitly taken into account due to the large distances involved; hence, this level of accuracy is
quite encouraging. Also, although the stress tensor components show a very low error (O(10~2) kb), the main
scope of this interatomic potential is not extremely demanding stress-driven simulations (where every MPa of
accuracy matters).

Our final selection was based on the calculation of the chlorine vacancy formation energy. The chlorine
atoms within the Cs,NaYbClg lattice cover equivalent positions, so we evaluated the formation energy follow-
ing the removal of a random Clion. Since the removal of a single atom from the unit cell would result in an
unrealistic concentration of defects, we assessed the convergence of the formation energy by removing a
Clfrom supercells of increasing size, i.e. as a function of decreasing concentration ranging from
2.24 x 10 cm 2 t0 1.79 x 10 "* cm . The formation energy E,,. was evaluated according to

Evac = Eqet — Epuc — Hcr

where Eg.¢is the total energy of the defected system after a geometry optimization, Ey, . is the total energy of the
pristine cell and ¢ is the chemical potential of the removed atomic species. The results of this calculation are
reported in table 3.

All the ChIMES sets considered here show a converged formation energy within <1% already from a 320-atom
supercell, consisting of a2 x 2 x 2 replica of the 40-atom supercell previously defined. Although all the parametriza-
tions have a reasonable order of magnitude for the E, ., the r,= 6.0 A, 12-8-0set yields the best result with a deviation
of ~15%, making it the final parametrization that we adopted for the following calculations. We note that the refer-
ence DFT value was obtained by replicating the Cs,NaYbCl, primitive cell 3 x 3 x 3 times, resulting in a total of
270 atoms. Therefore, one would expect a reduced error with larger supercells in the DFT calculations.

To assess the convergence of vacancy formation energies with respect to supercell size, we calculated the raw
energy difference (AE = Eges — Epun) for single vacancies of Cs, Na, Yb, and Cl in the Cs,NaYbClg lattice. The
results are shown in figure 3(b), representing the change in AE as a function of p,,: similarly to the case of the Cl
vacancy, all the type of vacancies results in a converged (AE < 102 eV) energy difference for pyac < 5 x 10" cm ™.
This translates to supercells containing more than 2000 atoms: this careful assessment of convergence is crucial
because spurious interactions in smaller supercells can significantly affect calculated defect energies, which are
fundamental parameters for predicting defect populations and their impact on material properties [67].

We decided to further test the performance of our final parametrization by performing MD simulations at
different temperatures and testing the radial distribution function g(r) at 300 K for the different atomic species
and the energy conservation during the NVE ensemble. The radial distribution functions are shown in figure 4:
the data reported show an overall good agreement, especially when considering the nearest neighbors interac-
tions for most atomic pairs. This is crucial, as it indicates that the fundamental bond lengths and nearest-
neighbor distances are, for the most part, correctly reproduced. Some discrepancies are observed in the peak
amplitudes and second-shell structure: ChIMES tends to over-structure Cs-Cs, Cl-Cl, Na-Yb, and Yb-Cl pairs
(heights 10%-30% too large) and sometimes under-structure Na-Cl, while also producing sharper shoulders
around 5-6 A. These mid-range deviations are consistent with the 6 A outer cutoff, as it can amplify correla-
tions just inside the truncation radius, especially in highly polarizable Cl-rich environments. In fact, CRIMES
framework aims at reproducing a global energy minimum rather than focusing on every structural detail. The
first-shell accuracy (both in distance and coordination number) is crucial for vacancy formation and migration
barriers, since these processes break and reform the nearest-neighbor bonds. Anyway, we remark that the DFT
radial distribution functions were obtained with a minimal amount of data since we only had a 3-ps-long tra-
jectory of a 40-atom supercell. Some of the results from the ab initio dynamics are likely an artefact of small-N
statistics: even abundant pairs like Cl-Cl contribute with a limited number of counts that might not be
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Figure 3. (a) Cold curve fitting using the Birch-Murnaghan equation of state, resulting in By = 15.67 GPa, for the selected
parametrization 12 — 8 — 0 with r.= 6.0 A. (b) Raw energy difference AE for the formation single vacancies of Cs, Na, Yb, and Clin

the Cs,NaYbClg lattice.
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Figure 4. Radial distribution functions obtained for the selected parametrization 12 — 8 — 0 with .= 6.0 A for the different chemical
species in the Cs,NaYbClg.

sufficient to eliminate numerical noise. Furthermore, ionic motions in a heavy halide perovskite have correla-
tion times of 0.1-0.5 ps [68], limiting the number of statistically independent frames in our reference trajectory.
Finally, the behavior of the DFT trajectory at larger distances can be influenced by the reduced simulation cell
size, introducing spurious effects due to interactions of ions with their periodic images. Hence, a better agree-
ment with increased statistics is expected. We stress that extending the cutoff would likely smooth out these
differences, but at the cost of a non-linear rise in three-body term evaluations and neighbor-list sizes, a heavy
burden for (¢(10%)-atom production cells. In addition, the DFT trajectory used for benchmarking employs a
cubic cell of a = 10.5978 A. By the minimum-image convention, RDFs are only meaningful up to L/2 ~ 5.30 A.
The Yb-Yb and Na-Na nearest-neighbour distances in the Fm3m double-perovskite are at ~7.50 A which lies
beyond L/2. Therefore, a 40-atom DFT supercell cannot resolve the first Yb—Yb / Na—Na peak in g(r) without
finite-size artefacts, and plottingitat > 5.3 A would be misleading. Further improvements could involve
increased data sampling or incorporating configurations specific to expected defect environments, or even
exploring adaptive learning strategies to enrich the training set where the model shows weaknesses [69, 70]. In
the Supplementary Information (SI), we present force-correlation plots for 270- and 320-atom supercells con-
taining a chlorine vacancy. Although no defected structures were present in our training set, the agreement is
very good, with RMSE values well below those reported for our dataset in figure 2.

To evaluate the stability and accuracy of the ChIMES force field in MD simulations, we performed several
NVE runs, monitoring the conservation of total energy. The deviation of the total energy per atom from its
initial value, AE(f) = (E(t) — E(0))/Natoms Was tracked over time. For alarge 5000-atom pristine supercell
(figure 5(a)) and the same supercell containing a single Cl vacancy (figure 5(b)), the simulations were per-
formed at 300 K. Over the 500 ps trajectory, the total energy per atom for the pristine system is reported to be
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Figure 5. Total energies deviation for a Cs,NaYbCls simulation cell, obtained during various NVE runs with the final parametrization
12 — 8 — 0 withr.= 6.0 A. (a,b) Total energy deviations for a 5000-atom pristine and defected (single Cl vacancy) supercell,

respectively.

well-conserved, with fluctuations within 10> meV atom™. This level of conservation indicates good stability
for the pristine bulk material at this temperature. In the simulation of the defected supercell (figure 5(b)), simi-
lar overall energy conservation is observed, but we note the presence of ‘small kicks’. These events are attributed
to atoms approaching each other more closely than the inner cutoff used for sampling distances in the training
set. Such close approaches can trigger a penalty function (see equation (3)), potentially leading to interactions
governed by forces not well represented in the original ChIMES training data, or even to slight discontinuities
in the potential energy surface (PES). While penalty functions are a common strategy to prevent unphysically
close contacts [71], frequent encounters suggest that the repulsive part of the potential for certain configura-
tions might be too soft or that these specific short-range interactions were undersampled during training. If the
kicks are rare and do notlead to a systematic energy drift (as in this case), they may be tolerable within a certain
range of thermodynamic conditions. As a consistency check of these energy kicks, we provide in the ST a
detailed analysis of the local geometry around the chlorine vacancy at the simulation times of each event. Fur-
ther refinement of the penalty function parameters might be beneficial for higher-temperature simulations or
very long trajectories. Adjusting the penalty function skin or the penalty energy could indeed enhance stability,
though care must be taken to ensure it does not unduly perturb the physical interactions.
As a final benchmark for our force-field, we decided to perform a detailed analysis on thermal transport

properties of the defected Cs,NaYbClg perovskite (Cl-vacancy), considering a defect density of py,c = 2.80 x 10*°
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Figure 6. (a) Scattering phase space, (b) vibrational mode lifetimes, (c) spectral thermal conductivity (percentage contributions), and
(d) Cumulative thermal conductivity. Black symbols/lines represent the pristine system, while blue symbols/lines correspond to the
defected system.

cm ™ which would be prohibitive for an ab initio approach. Due to the introduction of a point-defect in the

perovskite lattice and the lack of translational invariance, we decided to adopt the Quasi-Harmonic Green Kubo
(QHGK) approach [72] as implemented in the k ALDo package [73]. Figure 6(a) shows the scattering phase space
(ameasurements of all possible final states -momentum and energy- that a lattice heat carrier can reach after a
scattering event, while adhering to the conservation of energy and momentum) [74, 75]: the defected system has
systematically larger scattering phase spaces compared to the pristine, especially prominent in the low-medium
frequency range. Increased disorder in the perovskite lattice correlates with more available scattering channels,
resulting in dramatically reduced lifetimes (figure 6(b)). The enhancement of scattering events and shorter life-
times leads to reduced thermal conductivity, as shown in the panels of figure 6(c): in particular, pristine
Cs,NaYbClg shows higher conductivity peaks compared to the defective system, with notable differences between
1-4 THz. This indicates that introducing Cl vacancies significantly reduces the phonon contributions to thermal
conductivity. Although the contribution to « is drastically affected in the low-medium frequency range, the high-
frequency region seems to show a slight enhancement of the modal contribution, possibly due to the large num-
ber oflocalized modes introduced by the Cl vacancy. However, these modes contribute very little to the overall
thermal conductivity as also shown by the cumulative x as a function of frequency (figure 6(d)): we observe a
substantial reduction in overall thermal conductivity for the vacancy-containing structure relative to pristine
(Foyac = 0.085 W mK ™! versus Kpristine = 0.262 W mK "), as a consequence of the strong scattering introduced by
the vacancy. Using the QHGK formalism, it is possible to calculate the mode diffusivity, which quantifies the rate
of heat transfer in units of area per time for each mode. Following an approach similar to the one adopted by
Lundgren et al [76], we computed the correlation between mode diffusivity and mode delocalization (participa-
tion ratio, PR) categorizing vibrational modes by their frequency, as shown in figure 7: while for pristine
Cs,NaYbClg, we find a relatively broad distribution of diffusivities, suggesting a coexistence of more conductive
(delocalized) and poorly conductive (localized) modes (typical of low conductivity low-symmetry crystals), the
values in the defected systems drastically decrease for almost all modes, with maximum values much lower than in
the pristine system. Overall, heat carriers become clustered near lower diffusivities, indicating reduced transport
efficiency across the entire phonon spectrum. The observed direct correlation between PR and D4, in the pris-
tine system is severely weakened. Even modes that remain relatively delocalized (higher PR) suffer reduced diffu-
sivity, confirming that defect-induced scattering processes significantly reduce phonon lifetimes and velocities. As
expected, the introduction of a Cl vacancy disrupts phonon propagation, reducing diffusivity across modes. The
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Figure 8. Vibrational density of states (vDOS) analysis for Cs,NaYbCls comparing pristine (black) and Cl vacancy-containing
structures (blue). Each panel presents the total DOS (filled curves) alongside the projected DOS (solid lines) onto specific atomic
species: (a) Cs, (b) Na, (¢) Yb, and (d) CL.

vacancy creates localized scattering centers, shortening phonon lifetimes and restricting their propagation even if
modes remain spatially delocalized.
Finally, figure 8 shows a comparison between the vibrational density of states (vDOS) of the pristine and the
defected system. Each panel shows the total vDOS as filled curves, along with the element-projected DOS
reported as solid lines. The introduction of a Cl vacancy does not affect Cs-involving vibrational modes

(figure 8(a)), and although some changes emerge in peak intensities and slight shifts of the Na- and Yb-pro-

jected vDOS, they show an overall very moderate change, indicating indirect effects due to Cl vacancy introduc-
tion (figures 8(b), (c)). The most notable difference occurs in the Cl-projected vDOS, as expected, due to the
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nature of the vacancy. As displayed in panel d of figure 8, chlorine atoms influence the whole vibrational spec-
trum of Cs,NaYbCl, reflecting the great reduction in  upon their removal from the perovskite lattice. Peaks in
the low-mid frequency range become broader and less intense in the defected case, indicating vacancy-induced
disorder strongly affecting the vibrational states of Cl atoms as a reflection of localization effects and the
appearance of scattering centers in the proximity of the vacancy site.

This choice of the ChIMES hyperparameters can deliver 2.5 ns/day on a system of 1080 atoms on 96 Intel
Xeon Gold 2.30 GHz CPUs, while the performances for a 5000-atom supercell are 0.4 ns/day on the same CPU
configuration.

4. Conclusions

We have presented the development and validation of a machine-learned interatomic potential for the lead-
free double perovskite Cs,NaYbClg within the ChIMES framework. By systematically exploring body-order
expansions and cutoff distances, we identified a parametrization that simultaneously reproduces DFT
benchmarks for lattice constants, bulk moduli, and thermal conductivities to within a few percent, while
offering orders-of-magnitude speed-ups for large-scale molecular dynamics. Our chlorine-vacancy formation
energies converge to DFT accuracy in modestly sized supercells, and long NVE trajectories demonstrate
excellent energy conservation, confirming the potential robustness for defected and pristine sampling. By
delivering a high-speed interatomic potential for Cs,NaYbClg, our work not only opens the door to multi-
nanosecond, million-atom simulations of defect formation and migration but also lays the groundwork for
targeted materials engineering. In future studies, accurate defect energetics can directly inform dopant
selection-by predicting how aliovalent cations stabilize vacancy networks-and guide grain-boundary
passivation strategies to mitigate nonradiative recombination in perovskite thin films. Ultimately, this synergy
between large-scale atomistic modeling and device-level design will accelerate the optimization of lead-free
perovskite optoelectronics.

We plan to further enhance this potential transferability and predictive power by augmenting the training
set with configurations sampled across abroader temperature range and from defect-rich structures. At the
same time, we will implement an active-learning workflow to dynamically identify and incorporate poorly
sampled configurations-those that currently lie at the fringes of our model applicability. By iteratively retrain-
ing on these challenging snapshots, we expect to close any residual gaps in accuracy and to empower truly
predictive, multi-nanosecond simulations of defect formation, migration, and their influence on optoelec-
tronic and thermal properties in lead-free perovskites.

Acknowledgments

We acknowledge the financial support from ‘e.INS - Ecosystem of Innovation for Next Generation Sardinia’—
Project code ECS00000038, SPOKE 7 ‘Low carbon technologies for efficient energy systems’, funded under the
National Recovery and Resilience Plan (NRRP), Ministero dell’Universita e della Ricerca (MUR); funded by the
European Union—NextGenerationEU.

Data availability statement

The data that support the findings of this study are openly available at the following URL/DOI: https://github.
com/rdettori/CNYC.

Author contributions

Riccardo Dettori ® 0000-0002-4678-1098
Data curation (lead), Formal analysis (lead), Investigation (lead), Methodology (lead), Writing — original draft
(lead), Writing — review & editing (lead)

Antonio Cappai @ 0000-0002-8415-778X
Data curation (equal), Formal analysis (equal), Investigation (equal), Methodology (equal), Writing — review &
editing (equal)

Luciano Colombo ©® 0000-0001-5335-4652
Conceptualization (lead), Investigation (equal), Supervision (lead), Writing — review & editing (equal)

12


https://github.com/rdettori/CNYC
https://github.com/rdettori/CNYC
https://orcid.org/0000-0002-4678-1098
https://orcid.org/0000-0002-8415-778X
https://orcid.org/0000-0001-5335-4652

10P Publishing Nano Express 6 (2025) 045004 R Dettorietal

References

[1] Kojima A, Teshima K, Shirai Y and Miyasaka T 2009 J. Am. Chem. Soc. 131 60506051
[2] LuL,PanX, LuoJand Sun Z 2020 Chem. Eur. J. 26 1697516984
[3] Correa-Baena] P, Saliba M, Buonassisi T, Gritzel M, Abate A, Tress W and Hagfeldt A 2017 Science 358 739744
[4] Snaith H] 2013 The Journal of Physical Chemistry Letters 4 36233630
[5] Ferreiral, Magalhdes L, Carvalho T and Schiavon M 2025 J. Braz. Chem. Soc. 8
[6] Vasala S and Karppinen M 2015 Prog. Solid State Chem. 43 136
[7] Volonakis G, Filip M R, Haghighirad A A, Sakai N, Wenger B, Snaith H ] and Giustino F 2016 The Journal of Physical Chemistry Letters
712541259
[8] DaveK, FangM H, Bao Z, Fu H T and Liu R § 2019 Chemistry - An Asian Journal 15 242252
[9] Vargas B, Rodriguez-Lépez G and Solis-Ibarra D 2020 ACS Energy Letters 5 35913608
[10] Slavney AH,Hu T, Lindenberg A M and Karunadasa HI12016 J. Am. Chem. Soc. 138 21382141
[11] CappaiA, Melis Cand Colombo L 2025 Physical Review Materials 9
[12] Ghosh S, Shankar H and Kar P 2022 Materials Advances 3 37423765
[13] YangW Setal2017 Science 356 13761379
[14] Tress W, Yavari M, Domanski K, Yadav P, Niesen B, Correa Baena J P, Hagfeldt A and Graetzel M 2018 Energy Environ. Sci. 11 151165
[15] Ye]etal 2024 Nat. Commun. 15
[16] ZhangX, Turiansky M E, Shen ] X and Van de Walle C G 2022 J. Appl. Phys. 131
[17] ObadaD O, Akinpelu S B, Abolade S A, Okafor E, Ukpong A M, Kumar R S and Akande A 2024 Crystals 14 86
[18] Volonakis G, Haghighirad A A, MilotR L, Sio W H, Filip M R, Wenger B, Johnston M B, Herz L M, Snaith H J and Giustino F 2017 The
Journal of Physical Chemistry Letters 8 772778
[19] XiaoZ,Meng W, Wang]Jand YanY 2016 ChemSusChem 9 26282633
[20] Yin W], ShiT and Yan'Y 2014 Appl. Phys. Lett. 104
[21] LiH etal 2024 Nat. Commun. 15 2169
[22] DuM H 2015 The Journal of Physical Chemistry Letters 6 14611466
[23] Buin A, Pietsch P, XuJ, Voznyy O, Ip A H, Comin R and Sargent E H 2014 Nano Lett. 14 62816286
[24] EamesC, Frost] M, Barnes P RF, O’Regan B C, Walsh A and Islam M S 2015 Nat. Commun. 6
[25] Mosconi E, Meggiolaro D, Snaith H J, Stranks S D and De Angelis F 2016 Energy Environ. Sci. 9 31803187
[26] Giustino F 2014 Materials Modelling using Density Functional Theory (Oxford University Press)
[27] Pols M, Vicent-Luna J M, Filot I, van Duin A C T and Tao S 2021 The Journal of Physical Chemistry Letters 12 55195525
[28] Walsh A 2021 Matter 4 38673873
[29] Lahnsteiner J, Kresse G, Heinen ] and Bokdam M 2018 Physical Review Materials 2
[30] Bechtel] S, Thomas] Cand Van der Ven A 2019 Physical Review Materials 3
[31] Whalley L D, Frost] M, JungY Kand Walsh A 2017 J. Chem. Phys. 146 1089-7690
[32] Mattoni A, Filippetti A, Saba M I and Delugas P 2015 The Journal of Physical Chemistry C119 1742117428
[33] Behler J and Parrinello M 2007 Phys. Rev. Lett. 98
[34] Deringer VL, Caro M A and Csényi G 2019 Adv. Mater. 31
[35] Barték A P, Kermode J, Bernstein N and Csényi G 2018 Phys. Rev. X 8 041048
[36] RanaR, VilaF D, Kulkarni A R and Bare SR 2022 ACS Catal 12 13813-30
[37] Lindsey RK, Fried L Eand Goldman N 2017 J. Chem. Theory Comput. 13 62229
[38] Lindsey RK, Fried LE, Goldman N and Bastea S 2020 J. Chem. Phys. 153 134117
[39] Koziol L, Fried L E and Goldman N 2017 J. Chem. Theory Comput. 13 135-46
[40] Lindsey RK, Fried L Eand Goldman N 2019 J. Chem. Theory Comput. 15 436—47
[41] DettoriR, Melis C and Colombo L 2025 Nanotechnology 36 155703
[42] Armstrong M R, Lindsey R K, Goldman N, Nielsen M H, Stavrou E, Fried L E, Zaug ] M and Bastea S 2020 Nat. Commun. 11 353
[43] Awaya K, Hatakeyama K and Ida S 2024 Adv. Opt. Mater. 122301228
[44] LianB,HouH, Lin F, Luo B, Pan D, Zou B and Zeng R 2024 Small 20 2401093
[45] P Geral2009J. Phys.: Condens. Matter 21 395502
[46] Ernzerhof M and Scuseria G E 1999 J. Chem. Phys. 110 5029-36
[47] Vanderbilt D 1990 Phys. Rev. B41 7892
[48] Tadano T, GohdaY and Tsuneyuki S 2014 J. Phys.: Condens. Matter 26 225402
[49] Cappai A, Melis C, Marongiu D, Quochi F, Saba M, Congiu F, He Y, Slade T J, Kanatzidis M G and Colombo L 2023 Advanced
Science 11
[50] Goldman N, Fried LE, Lindsey R K, Pham C H and Dettori R 2023 J. Chem. Phys. 158
[51] GoldmanN efal2021 J. Chem. Theory Comput. 17 4435-48
[52] WangY, Shepler B C, Braams B J and Bowman J M 2009 J. Chem. Phys. 131 054511
[53] WangY, Wang X and Antonietti M 2011 Angew. Chem. Int. Ed. 51 6889
[54] Lindsey RK, Goldman N, Fried L E and Bastea $ 2020 J. Chem. Phys. 153 054103
[55] Tersoff] 1988 Phys. Rev. Lett. 61 2879
[56] Pham CH, Lindsey RK, Fried L E and Goldman N 2021 J. Chem. Phys. 153 224102
[57] Efron B, Hastie T, Johnstone I and Tibshirani R 2004 The Annals of Statistics 32 407-99
[58] Friedman J, Hastie T and Tibshirani R 2010 Journal of Statistical Software 33 1
[59] Tibshirani R 1996 Journal of the Royal Statistical Society: Series B (Methodological) 58 26788
[60] Thompson A P etal2022 Comput. Phys. Commun. 271 108171
[61] DettoriR and Goldman N 2025 The Journal of Physical Chemistry A 129 583595
[62] Birch F 1947 Phys. Rev. 71 809
[63] Murnaghan F D 1944 Proc. Natl Acad. Sci. 30 2447
[64] Ghebouli M, Chihi T, Ghebouli B and Fatmi M 2018 Chin. J. Phys. 56 323-30
[65] MuH, ZhangY, ZouH, Tian F, FuY and Zhang L 2023 The Journal of Physical Chemistry Letters 14 190198
[66] Orr KW P etal 2024 ACS Energy Letters9 30013011
[67] Van de Walle C G and Neugebauer ] 2004 J. Appl. Phys. 95 38513879
[68] Yaffe O etal2017 Phys. Rev. Lett. 118

13


https://doi.org/10.1021/ja809598r
https://doi.org/10.1002/chem.202000788
https://doi.org/10.1126/science.aam6323
https://doi.org/10.1021/jz4020162
https://doi.org/10.21577/0103-5053.20240092
https://doi.org/10.1016/j.progsolidstchem.2014.08.001
https://doi.org/10.1021/acs.jpclett.6b00376
https://doi.org/10.1002/asia.201901510
https://doi.org/10.1021/acsenergylett.0c01867
https://doi.org/10.1021/jacs.5b13294
https://doi.org/10.1103/PhysRevMaterials.9.054605
https://doi.org/10.1039/D2MA00071G
https://doi.org/10.1126/science.aan2301
https://doi.org/10.1039/C7EE02415K
https://doi.org/10.1038/s41467-024-52377-4
https://doi.org/10.1063/5.0083686
https://doi.org/10.3390/cryst14010086
https://doi.org/10.1021/acs.jpclett.6b02682
https://doi.org/10.1002/cssc.201600771
https://doi.org/10.1063/1.4864778
https://doi.org/10.1038/s41467-024-46247-2
https://doi.org/10.1021/acs.jpclett.5b00199
https://doi.org/10.1021/nl502612m
https://doi.org/10.1038/ncomms8497
https://doi.org/10.1039/C6EE01504B
https://doi.org/10.1021/acs.jpclett.1c01192
https://doi.org/10.1016/j.matt.2021.10.006
https://doi.org/10.1103/PhysRevMaterials.2.073604
https://doi.org/10.1103/PhysRevMaterials.3.113605
https://doi.org/10.1063/1.4984964
https://doi.org/10.1021/acs.jpcc.5b04283
https://doi.org/10.1103/PhysRevLett.98.146401
https://doi.org/10.1002/adma.201902765
https://doi.org/10.1103/PhysRevX.8.041048
https://doi.org/10.1021/acscatal.2c03863
https://doi.org/10.1021/acs.jctc.7b00867
https://doi.org/10.1063/5.0021965
https://doi.org/10.1021/acs.jctc.6b00707
https://doi.org/10.1021/acs.jctc.8b00831
https://doi.org/10.1088/1361-6528/adb8f3
https://doi.org/10.1038/s41467-019-14034-z
https://doi.org/10.1002/adom.202301228
https://doi.org/10.1002/smll.202401093
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1063/1.478401
https://doi.org/10.1103/PhysRevB.41.7892
https://doi.org/10.1088/0953-8984/26/22/225402
https://doi.org/10.1002/advs.202305861
https://doi.org/10.1063/5.0141616
https://doi.org/10.1021/acs.jctc.1c00172
https://doi.org/10.1063/1.3196178
https://doi.org/10.1002/anie.201101182
https://doi.org/10.1063/5.0012840
https://doi.org/10.1103/PhysRevLett.61.2879
https://doi.org/10.1063/5.0029011
https://doi.org/10.1214/009053604000000067
https://doi.org/10.18637/jss.v033.i01
https://doi.org/10.1111/j.2517-6161.1996.tb02080.x
https://doi.org/10.1016/j.cpc.2021.108171
https://doi.org/10.1021/acs.jpca.4c05881
https://doi.org/10.1103/PhysRev.71.809
https://doi.org/10.1073/pnas.30.9.244
https://doi.org/10.1016/j.cjph.2018.01.004
https://doi.org/10.1021/acs.jpclett.2c03452
https://doi.org/10.1021/acsenergylett.4c00921
https://doi.org/10.1063/1.1682673
https://doi.org/10.1103/PhysRevLett.118.136001

10P Publishing

Nano Express 6 (2025) 045004 R Dettorietal

[69] Behler] 2016 J. Chem. Phys. 145

[70] Podryabinkin E'V and Shapeev AV 2017 Comput. Mater. Sci. 140 171180

[71] Allen M P and Tildesley D J 1989 Computer Simulation of Liquids(Clarendon Press)

[72] Isaeva L, Barbalinardo G, Donadio D and Baroni S 2019 Nat. Commun. 10

[73] Barbalinardo G, Chen Z, Lundgren N' W and Donadio D kaldo Advanced thermal property predictions via lattice dynamics and
machine learning for nanoscale materials https://github.com/nanotheorygroup/kaldo accessed: 2025-03-11

[74] Lindsay L and Broido D A 2008 J. Phys.: Condens. Matter 20 165209

[75] DettoriR, Siddi F, Colombo L and Melis C 2024 Advanced Theory and Simulations 8

[76] Lundgren N W, Barbalinardo G and Donadio D 2021 Phys. Rev. B103

14


https://doi.org/10.1063/1.4966192
https://doi.org/10.1016/j.commatsci.2017.08.031
https://doi.org/10.1038/s41467-019-11572-4
https://github.com/nanotheorygroup/kaldo
https://doi.org/10.1088/0953-8984/20/16/165209
https://doi.org/10.1002/adts.202401199
https://doi.org/10.1103/PhysRevB.103.024204

	1. Introduction
	2. Methods
	3. Results and discussion
	4. Conclusions
	Acknowledgments
	Data availability statement
	References



