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1. MEAM potential

Many-body potentials such as MEAM are some of the widely used interatomic potentials of MD

simulation. Mathematically
N, 1
vV =X[F (p) + EZj:tiSij Di;(R;;)] (S

where the first term is the embedding function of an electron density cloud, and the latter term is

pairwise interaction. More details about MEAM potentials can be found in references [1], [2].

2. Fitting of binary potentials

In order to describe each of the binary interactions in the quaternary alloy, the MEAM description
requires a definition of many parameters involving individual and multi-element interactions. This
method relies on fourteen independent parameters to reproduce the physical properties of the unary
system. Three of them—cohesive energy (Ec), nearest neighbor equilibrium distance (re), and bulk
modulus (B)—were obtained from experimental observations to satisfy the universal equation of
state. The rest of the parameters are obtained by fitting them to the values obtained in
experimental/DFT results. B B, B, B® are the exponential decay factors for the atomic
densities, and t1, t@, t® are weighting factors for the atomic densities, (A) being a scaling factor
for the energy-embedding function and for Cmin and Cmax, which define the many-body screening

parameters. Each of these may have substantial or zero impact depending on the reference



structure, e.g., Table SS1 shows which properties are affected by changing determined parameters
for the single bee elements (adapted from [3]). The plus sign means the effect is significant, the

minus sign means the effect is minor, and no sign means no effect.

Regarding the multi-body interactions, the MEAM considers directional bonding described by
Cmin and Cmax, which represent the limits for the region where the atoms will be screened. In total,
we have eight screening parameters depending on their direction. For a binary alloy, the screening
can be in four directions (4, 4, B), (B, B, A), (4, B, A), and (4, B, B), where A and B represent the
atoms of each element. FigureFigure S1 shows how these limits interact within the system, taking
as a reference the interaction (4, 4, B). Atom B is fully unscreened (left, right), and atom B is

completely screened (middle).

Table S1. Effect of parameters on individual properties for bce elements.
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Figure S1. Screening for the interaction (A, A, B).



To describe the total system, we have to define five more parameters: cohesive energy (E.), cutoff
radius (), atomic electron density scaling factor (p”) and the relation between bulk modulus,
cohesive energy, and the equilibrium atomic volume named alpha («). In addition, secondary
parameters can help us tune our system, such as a scaling factor on the attraction—repulsion
interactions. Most of the binary potentials tested were demonstrated to be unable to reproduce DFT
and/or experimental parameters fitting. Therefore, proper fitting/refinement is required. The

methods used in this investigation for this goal are described in the following sections.

2.1. Multi-Objective Optimization (MOO)

A potential fitting requires the simultaneous optimization of more than one objective function,
e.g., to obtain the proper cohesive energy trying to minimize the deviation on the lattice and elastic
constants. Following this principle, we adopted a multi-objective optimization procedure as used
to develop a potential for magnesium by Houze et al. [4], formulated as min J(x) such that x € S,
where ] = [J;(%) .../, (0)]T and x = [x; ... x,,]7, being m the objectives that defines the vector J, and
the vectors x belonging to the domain S and defining the individual objectives. Given the number
of objectives involved in the 2 NN MEAM method, it is unprovable that a set of parameters may
optimize all the objectives; therefore, a scalarization with weighting factors was included to

minimize all the elements and to avoid the dominance of one objective, implemented as

J(&x) = Xty wifi(x) (52)
The effect of each parameter can be adjusted by wi. Each objective function is based on the errors
between the values obtained and the target reference values. To measure and normalize these
differences, we use the expression
2,0~
60 = [22-2] (53)
where Q7 is the reference value and Q; the value computed by the tested potential. This process

was repeated until reaching the minimum error.

2.1.1. Initial parameters

As mentioned, some of the parameters are taken from DFT and/or experimental calculations. These
parameters will work as a reference for the upcoming calculations. The values included are

cohesive energy, atomic volume, and the bulk modulus, which at the same time can be calculated



from other elemental constants. The equilibrium atomic volume for unary systems is calculated by
Eq. SS4, where V represents the volume of the unit cell formed by the lattices, No is the number of

atoms that forms the unit cell [5], and ¢ defines the atomic content of the first element.

14
0= v (54)
‘QBinary =cly + (1 - C)'QZ (SS)

For binary systems, the equilibrium atomic volume is given by Eq. S5. For the cubic crystal, the
elastic properties of bulk modulus are calculated by Voigt—Reuss—Hill approximation [6] for Fe-
Si B20, Cr-Mo B2, and Cr-Si P213 symmetry along axes such that Ci1=C2=Cs3s,
C12=C21=C23=C32=C13=C31 and C44=Cs5=Ces. The off-diagonal shear components are zero, giving
C45=Cs54=Cs56=Ce5=C16=Ce4=0, and mixed compression/shear coupling does not occur, therefore
C14=C41=0 also. Figure S2 Error! Reference source not found.Error! Reference source not
found.Error! Reference source not found.Error! Reference source not found.Error!
Reference source not found.Error! Reference source not found.Error! Reference source not
found.Error! Reference source not found.shows the relationship of the elastic constants; on the

right-hand side, we can see the matrix for the cubic crystal.
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Figure S2. Full range of elastic constants (right) and the matrix reduced for cubic crystals (left).
The bulk modulus for cubic systems is given by

_ C11+2C12
E

B \ (S6)

and, finally, regardless of the structure, o is calculated using the following equation:

1

o = (93!2)2 (S7)

Ec




In this investigation, the binary potentials are already defined except for the Cr-Si potential. Thus,
the initial parameters for this interaction are adopted from DFT calculations [7]. The initial/given

and calculated parameters are displayed in Table SS2.

Table S2. Initial parameters for the Cr-Si interaction.

Parameter value
E. [eV/atom] -8.13
a[A] 4.59
Qs [A%] 20.09
Qc: [A7] 12.005
Qrow [A’] 16.04
B [eV/A] 1.2795
a 4.76

2.1.2. Fitting
The initial parameters set the starting point to develop the potential. We later had to append

additional variables, including the eight screening parameters. Other parameters included for
purposes of refinement were the attraction and repulsion scaling factors. Two global parameters
were not included in the fitting since they would affect the rest of the binary interactions, including

reand the length of smoothing distance for re.

Despite the complex behavior generated by these relationships, Kim and Baskes [8] stated that this
method eventually works in many cases. Still, it becomes very tedious and time-consuming given
the many combinations and, therefore, potentials to be tested. Consequently, the first step was to
identify how heavily these parameters affect the results. The following graphics show how some

of these parameters affect the Cr-Si ground state outcomes.

This section will give a full description of the Cr-Si fitting since it was developed from scratch. A
refitting follows the same procedure on a minor scale since the limits are defined around the
existing parameters. By default, the Cmin is set to 2.0A while Cmax is set to 2.8A and the
attraction=repulsion=0. As a starting point, the Cmin ranged from 0A to 2.0A and the Cmax from
2.0A to 2.8A, whiles the attraction factor ranged from 0 to 1. For the Cr-Si fitting, it was found
that the ruling parameters are the Cmin (A, A, B), Cmin (B, B, A), Cmax (A, B, A), and the attraction
scaling factor. After defining the behaviors of the different parameters, the strategy was to observe

the performance of the intermingled parameters by using a large mesh.
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Figure S3. Cr-Si Elastic constants vs. Cmin (A, A, B).
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Table S3. Limits and steps used for the first mesh.
. Cmin (A, A, B) Cmin (B, B, A) Cmax (A, B, A)

Parameter Attraction

[A] [A] [A]
Limits 0-1 0-2 0-2 2-28
Step 0.1 0.1 0.1 0.1
Intervals 11 21 21 9
Combination 43659 potentials

For the optimization, unit cells displaying a P2;3 structure were created and relaxed anisotropically
at OK by minimizing the global energy and the total force using the conjugate gradient (CG)
method [9]. The boundaries were periodic, allowing the structure lattices to vary during the
iterations giving the ground state form for each potential. Ultimately, the system pressure tensors
and the structural and energetic parameters were studied. The data were studied and improved
using the MOO procedure. Weighting factors were chosen to produce a potential focused on the

elastic constants, the ground state energies, and structural parameters, therefore discarding



potentials presenting large discrepancies. This cycle was followed until a minimum error was
achieved. As the last step, boxes of different sizes were tested, defining the validity of the potential

for the low-energy structures without size limitation.

3. Polycrystalline Calculation
For the bulk polycrystalline material, we needed the full range of elastic constants, i.e., Cis, Ci2,

Ci3, Cz1, C22, C23, C31, C32, C33, C44, Css, and Ces. Then we proceeded to calculate the following
properties: the Voigt bulk modulus (Br) and shear modulus (Gr), defined as
9B, = (C11 + Cpz + C33) + 2(C12 + Co3 + C31) (S8)

156G, = (C1q + Cyp + C33) — (Ciz + Co3 + C31) + 3(Cag + G55+ Cog)  (S9)

and the Reuss bulk modulus (Br) and shear modulus (Gr), defined as
1/Bg = (S11 + Sz + S33) + 2(S12 + Sz3 + S31), (510)
15/Gg = 4(S11 + S22 + S33) — 4(S12 + Sz3 + S31) + 3(Saa + Ss5 + Se6),  (S11)

where the S; components come from the elastic flexibility matrix that can be written as the inverse
matrix of the elastic stiffness matrix Cy, e.g., [Sij] = [Cij]™". Next, the Hill approximation provides
a more realistic representation of the polycrystalline bulk properties, where the average bulk

modulus (B) and shear modulus (G) are defined as follows:

B = (B +B,) (S12)
G =§(GR +G,) (S13)
Finally, Young's modulus (£) and Poisson's ratio (v) are given by
= Sve (S14)
- Zi:i (S15)

The mechanical parameters are computed using these formulas.

4. Supporting files
MEAM.A.meam: The LAMMPS potential file for the developed MEAM-A potential.

MEAM B _Optimized.meam: The LAMMPS potential file for the developed MEAM-B potential.
Library.meam: Library file
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