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Text S1

In this work, the Egs, Eps, and <Ad> were calculated respectively. The calculation
equations are shown as follows (1-3):

Ess=Epresx+vt Es1 = Epyesrvy—Ex (1)

Eps=Eppesx+y T EsiHEqy—Epype—Ex—Ey )
where X and Y are double-site substitution elements in a-NbsSi;. Epure +X+Y is the
total energy of the a-NbsSi; system after double-site substitution calculated by DFT;

Epure +v is the energy of pristine a-NbsSi; with ¥ site substitution elements; Esy and

Esz are the total energy per atom of pure Nb or Si crystal, respectively. Ey and Ey are

the crystalline single-atom energy of each alloying element.

n
1 C
<Ad>= Z(Iﬁ —rgl = 1= 7o)
i=1 3)
where <Ad> is the average bond length change of the local structure, the i and "i are

positions of substitution elements before and after ion relaxation in the crystal structure,

and "0 and "0 are the positions of the i-th atom in the substitution element’s nearest
neighbor n atoms before and after ion relaxation in the crystal structure, respectively.
All computational simulations were conducted utilizing Density Functional
Theory (DFT) as integrated within the Vienna Ab-initio Simulation Package (VASP)
software[1,2]. We employed the Perdew-Burke-Ernzerhof (PBE) parametrization for
the generalized gradient approximation (GGA-PBE) [3,4] to calculate the exchange-
correlation energy. The interactions between core and valence electrons were
approximated using Projector-Augmented Wave (PAW) potentials. The kinetic energy
cutoff for the wave functions was established at 450 eV. For a-NbsSi;, a Gamma-
centered k-mesh of 5 x 5 x 3 was applied to discretize the Brillouin zone (BZ). The
total energy calculations were refined to a convergence threshold of 1 x 10~ eV, while
the forces were converged with an accuracy of less than 0.02 eV/A. Taking into account
the dilute concentration of the alloying elements, lattice relaxation was initially carried
out within the a-NbsSi; systems. Subsequently, ionic relaxation was executed under the

constraint of maintaining a constant cell volume and shape.






Table S1 Non-equivalent substitution pairs with the corresponding site
distances in a-NbsSi; studied in this work.
Non-equivalent

Number of systems

System Sites _ _ Site distance (A) o

site pair studied in this work

Nb, X! Ysil 2.59 196

site X Ysil 2.99 196

a-NbsSis Xnot Ynoi 3.05 196

more closely Xsi Ysil 2.42 196

packed layer Si| Xsit Yol 2.59 196

site Xsit Ynoir 2.62 196

Xsit Ynoll 2.66 196

Xnoi Ysil 2.62 196

Xnoi Ysil 2.66 196

Xnoi Ysill 2.75 196

Nb Xioi Yol 2.88 196

a-NbsSis less site Xnoi Yol 3.05 196

closely Xnoit Ynoil 3.1 196

packed layer Xnoit Ynoii 3.26 196

Xioi Yol 3.49 196

Xnpi Ynoii 3.57 196

Siy Xsin Ynoi 2.75 196

site XsinYnb 2.99 196




Table S2 Elementary properties used in the feature construction.

Abbreviate

# Features
Center  Environment

1 Atomic number, start counting left top, left-right sequence AN_C AN_E
2 Atomic weight AW_C AW_E
3 Charge, nuclear effective (Clementi) CH_ C CH_E
4 Density DS C DS_E
5 Distance, core electron (Schubert) Molar DC_C DC_E
6 Distance, valence electron (Schubert) Moment DV_C DV_E
7 Electronegativity (Martynov and Batsanov) EN_C EN_E
8 Energy, cohesive Brewer EC_C EC_E
9 Energy of ionization, first EI_C El_E
10  Enthalpy of melting EM_C EM_E
11 Mendeleev Pettifor MP_C MP_E
12 Nuclear charge, effective NC C NC_E
13  Quantum number QN_C QN_E
14  Radius, covalent RC C RC _E
15  Radius, metal (Waber) RM_C RM_E
16  Temperature, melting T™™_C TM_E
17  Thermal neutron capture cross-section TN_C TN_E
18  Valence electron number VE_C VE_E
19  Bulk modulus BM_C BM_E
20  Periodic number PN_C PN_E




Text S2 Chemical composition (CC) feature model

The Chemical Composition (CC) feature model is constructed by the local
chemical composition information, excluding the information of crystal structural[5].
This approach is also applied to model the chemical composition of double-site
substitutions in a-NbsSis.

Similar to the construction of the Center-Environment (CE) features, the CC

feature model can be expressed as follows.

D =D, ..D,..D,T](eg,n= 20)

4)
Dl. = [dC, ? dE, i]’ = 1929"' s N (5)
de ;=DPc i (6)
N
dg, ; Z(DE,]pEJl
= (7)
¥
wg ;= ———(m=10)
Z”f
= (8)

where PEji is the i-th property of the j-th environment atom. When m= 0, “Ej is

essentially a normalized factor so that the local chemical composition is naturally taken

into account after the summation over all local environment atoms.



Text S3

In this study, after establishing modeling algorithms for both supporting vector
regression and random forest regression, the next step was to enhance model
performance through hyper-parameter optimization. Given that each method possesses
a multitude of tunable hyper-parameters, a comprehensive exploration of each would
demand substantial computational resources. To address this, we conducted a series of
iterative experiments, ultimately deciding to employ a grid search optimization
approach for a select set of critical parameters. This strategy effectively identified the
optimal configuration. The parameters that underwent optimization are detailed in the

list that follows.

Table S3 Modeling hyper-parameter optimization candidates

Regression algorithm Parameter List
Support Vector Regression (SVR) C:0.1,1, 10, 100,1000
kernel: RBF

gamma: 0.001, 0.01, 0.1, 0.5

Random Forest (RF) n_estimators: 20, 50, 70
max_depth: 3,4, 5,7, 10

min_samples_split: 2, 4, 6, 10




Table S4 Prediction performance of a-NbsSi3 by the CExny model with different

1
weights vy (m ! 2),
p':j;i(:tty x:f;’; CEw (4 = 1) CEm(Y = 1R
metric SVR RF SVR RF
Train Test Train Test Train Test Train Test
Ess R2 0.90 0.89 0.92 0.82 0.94 0.92 0.94 0.85
(meV) MAE 38327 42179 397.37 612.24 | 323.82 34537 35195 528.40
RMSE 586.46 64144 513.06 808.46 | 481.81 487.05 45169 692.18
R2 0.91 0.90 0.87 0.81 0.93 0.92 0.91 0.82
Eps MAE 35227 384.36 49355 638.43 | 327.84 37295 417.26 573.34
(meV) RMSE 53166 560.77 632.19 803.57 | 486.23 524.68 533.91 750.93
R2 0.77 0.72 0.88 0.74 0.81 0.75 0.86 0.75
<Ad> MAE 629 799  6.04 8.0 6.83 1090 653 962
(10-2A) RMSE 1159 13.23 8.49 11.90 | 11.44 11.99 9.33 11.60




Table S5 Prediction performance of a-NbsSi; by the CEagr model with different

1
weights'T(m ! 2),
p:;iity Pz:z;m CEper (U = 1ir) CEaer(W = 11T
metric SVR RF SVR RF
Train Test Train Test Train Test Train Test
R2 096 095 095 089 | 095 094 095 090
Ess MAE 25801 27865 328.10 480.17 | 277.99 324.68 32046 471.96
(meV)  RMSE 39744 409.86 42508 627.95|414.46 45952 41582 621.26
R2 095 093 086 081 | 094 093 095 089
Eps MAE 27674 32043 486.73 578.16 | 317.95 339.29 309.98 506.63
(meV)  RMSE 41649 46583 675.40 780.35 |476.85 498.75 393.20 661.31
R2 080 072 08 074 | 085 074 084 074
<Ad> MAE 637 750 629 781 | 704 820 776  7.80
(102A) RMSE 1080 12.01 1119 1392 | 1119 1392 1096 15.16




Table S6 Prediction performance of a-NbsSi; by the CC model.

Target Perform CC model
property ance SVR
metric Train Test Train Test
R? 0.32 0.29 0.33 0.32
Ess MAE 1228.03  1266.92 1210.74 1298.51
(meV) RMSE 1545.38  1624.56 1535.84 1545.96
R?2 0.67 0.65 0.71 0.68
Eps MAE 667.86 810.91 684.61 829.79
(meV) RMSE 1029.65 1084.57 970.28 1020.40
R? 0.48 0.46 0.49 0.35
<Ad> MAE 11.43 13.33 11.57 12.69
(102A) RMSE 16.93 20.79 16.90 19.11
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Table S7 GCN Model Parameter Settings

Parameter Value Description Scope
nfeat 32 Input node feature dimension (din) All graphs
) Hidden layer dimension of the first GCN
nhid 64 . All graphs
layer (dhid)
Output dimension of the second GCN layer Intermediate
nclass 16 .
(dmid) layer
node_num 100 Fixed number of nodes per graph (NN) All graphs
Fully
nout 1 Final output dimension of the model (dout) connected
layer
Graph-level feature aggregation strate
readout "linear" P V_ are aggred . I %y Entire graph
(options: "mean" or "linear")
Dropout rate for regularization (applied Training

d t 0.5
ropou during training) phase




Table S8 GAT Model Parameter Settings

Parameter Value Description Scope
in_features 64 Input feature dimension (din) Node-level
out_features 32 Output feature dimension(dout) Node-level
Dropout rate for randomly masking Training
dropout 0.6 . .
attention weights phase
: - Attention
Negative slope coefficient for LeakyRelLU .
node_num 0.2 o coefficient
activation .
computation
Whether to apply ELU activation and
alpha True Node-level

concatenate multi-head outputs
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ALIGNN model Parameter

Table S9 RBFExpansion Parameter Settings

Parameter Value Description Type

Minimum value of RBF centers
vmin 0 (normalized input range, e.g., bond
lengths)

Maximum value of RBF centers
vmax 8 (normalized input range, e.g., bond
lengths)

Number of RBF centers (controls feature

bins 40 .
resolution)

Width parameter (o) of Gaussian kernels.
lengthscale None If None, auto-calculated as (vmax -
vmin)/bins

float

float

int

float

Table S10 ALIGNN Key Parameter Settings

Parameter Value Description

Type

Dimension of angle features after
triplet_input_features 32 RBF embedding (matches bins in
RBFExpansion)

Hidden layer dimension of graph
hidden_dim 64 convolution layers (controls model
capacity)

Number of alternating graph
num_conv_layers 5 convolution iterations (atom-line graph
updates)

int

int

int
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Table S11 Prediction results of substitution energies in a-NbsSiz using
different machine learning algorithms.

Targe Performance

Sites , GBR LGBM XGB
t metric
R2 0.88 0.922 0.923
Ess RMSE 529.69 419.72 418.04
MAE 359.52 328.22 338.33
Nb R2 0.933 0.893 0.934
Eps RMSE 387.08 508.52 383.85
MAE 282.70 345.70 287.98
R2 0.879 0.854 0.884
Ess RMSE 430.90 498.96 467.76
b, MAE 307.34 384.92 340.12
R2 0.928 0.919 0.900
Eps RMSE 397.78 421.95 481.78
MAE 291.22 308.54 331.23
R2 0.962 0.956 0.969
Ess RMSE 508.38 543.84 459.77
, MAE 341.02 373.56 326.41
Sh R2 0.963 0.928 0.960
Eps RMSE 421.91 584.23 434.43
MAE 306.75 434.21 317.17
R2 0.874 0.855 0.877
Ess RMSE 445.99 597.58 557.02
_ MAE 279.73 448.18 383.81
Sl R2 0.906 0.911 0.923
Eps RMSE 520.96 591.88 542.28
MAE 333.85 445.23 378.25
R2 0.954 0.941 0.949
Ess RMSE 451.12 500.80 461.58
_ MAE 311.43 362.87 324.63
NbsSis;
R2 0.934 0.925 0.937
Eps RMSE 521.98 529.91 512.91

MAE 348.53 386.75 372.60
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Fig. S1 The non-equivalent substitution sites of a-NbsSi; (a) Nb,, (b) Si, (c)
Nb||, and (d) Si||.
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Fig. S2 Statistical plots of target data (Ess, Eps, and <Ad>), where (a)-(c)

were for the substitution of alloying elements in a-NbsSis.
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Fig. S3 The distribution of the 14 substituted alloying elements in the

periodic table for the a-NbsSi; structures, with dark green representing the

substitution elements.
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DFT: Eps(Xyp Ysi2-59 A) b ML: Epg(Xyp Yei-2.59 A)

unit: eV
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Fig. S8 Heat maps of Eps projected on the substitution pair sites containing
Nb,in a-NbsSi; predicted by (a, ¢, e) DFT and (b, d, f) ML, respectively.

B Ni Co Fe Si

22



DFT: Epg(Xyu Ysir2-62 A)

ML: Epg(Xye Ys1-2.62 A)

> > unit: eV
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Both the training and test dataset results are shown for comparison.
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Fig. S14 Conventional cell of B-NbsSi; crystal structure with four non-

equivalent sites Nb,, Nb,, Sij, and Siy,.
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Fig. S15 Correlation matrix of features related to the machine learning

prediction of double-site substitution energy in NbsSis.
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