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Machine-learned multi-orbital tight-binding (MMTB) Hamiltonian models have been developed
to describe the electronic characteristics of intermetallic compounds Mg2Si, MgaGe, MgaSn, and
Mg2Pb subject to strain. The MMTB models incorporate spin-orbital mediated interactions and
they are calibrated to the electronic band structures calculated via density functional theory (DFT)
by a massively parallelized multi-dimensional Monte-Carlo search algorithm. The results show that
a machine-learned five-band tight-binding model reproduces the key aspects of the band structures
in the entire Brillouin zone. The five-band model reveals that compressive strain localizes the
contribution of the 3s orbital of Mg to the conduction bands and the outer shell p orbitals of
X (X = Si, Ge, Sn,Pb) to the valence bands. In contrast, tensile strain has a reversed effect as
it weakens the contribution of the 3s orbital of Mg and the outer shell p orbitals of X to the
conduction bands and valence bands, respectively. The 7w bonding in the MgeX compounds is
negligible compared to the o bonding components, which follow the hierarchy |osp| > |opp| > |oss],
and the largest variation against strain belongs to o,,. The five-band model allows for estimating
the strength of spin-orbit coupling (SOC) in Mg2X and obtaining its dependence on the atomic
number of X and strain. Further, the band structure calculations demonstrate a significant band
gap tuning and band splitting due to strain. A compressive strain of —10% can open a band gap at
the I" point in metallic MgaPb, whereas a tensile strain of +10% closes the semiconducting band gap
of Mg2Si. A tensile strain of +5% removes the three-fold degeneracy of valence bands at the I point
in semiconducting MgoGe. The presented MMTB models can be extended for various materials and
simulations (band structure, transport, classical molecular dynamics), and the obtained results can

help in designing devices made of Mgy X.
I. INTRODUCTION

Intermetallic compounds MgeX (X = Si, Ge, Sn) are
mainly considered to be semiconductors and their ad-
dition to, e.g., metallic matrices can form solid so-
lutes and grains. These MgyX solid solutes can desir-
ably change the electronic, mechanical, and macroscopic
properties of these metallic matrices.'® Furthermore,
MgoX (X = Si,Ge,Sn) are chemically and thermally
stable, nontoxic, resistive against oxidation, econom-
ically inexpensive, environmentally friendly, relatively
light weight, and therefore have a great potential for
large-scale production.?”® More importantly, they pos-
sess a high figure of merit (performance in a device form)
and can serve as good solid-state thermoelectric materials
for converting waste heat to electricity. These excellent
characteristics have fuelled robust effort to explore vari-
ous aspects of MgoX and find ways to improve and opti-
mize their favorable performance. For instance, one main
approach followed to manipulate the electrical transport
of these compounds was by intercalation with differing
elements.*>7 2% It was found that the intercalation can
result in nonlinearity in the band gap, enhanced spin-
orbit interaction (SOI), and band splitting. The control-
lable and efficient thermoelectric materials are promising
in designing micro-scale self-powered sensors, solar ther-
mal elements, and waste heat recovery devices.?! 27

There has been an intensive theoretical effort to study

these compounds, mainly using density functional the-
ory (DFT).1:1415,30-38 The theoretical studies can pro-
vide deep and independent insight into the physics of
these compositions and shed light on delicate aspects.
For example, one can attain better view over the physi-
cal mechanisms and possibly harnessing them in the fu-
ture experiments, to create new opportunities, achieve
more reliable analysis, and avoid introducing detrimen-
tal effects during the implementation process. Addition-
ally, there are multiple works discussing various aspects
of these compounds by using an effective single-band
parabolic approximation.®®14 The common assumption
of these works is the homogeneity of the alloys and gener-
alization of the rigid-band structure approach to obtain
the band structure of the intermediate alloy systems.

Motivated by the above, we have constructed machine-
learned multi-orbital tight-binding (MMTB) models, ac-
counting for the {s,p, d, s*} orbitals and spin-orbit inter-
action (SOI). The parameters of the models are deter-
mined through optimizing it to DFT band structures by
a massively parallelized multi-dimensional Monte-Carlo
search algorithm. Our investigations demonstrate that
a simple machine-learned five-band tight-binding (TB)
model is sufficient to describe the electronic properties
of strained Mg»X (X = Si, Ge, Sn, Pb) close to the Fermi
level. The results of the model show that compressive
(tensile) strain enhances (suppresses) the SOI strength in
MgoX. The Mg-X interactions were found to dominate



over Mg-Mg and X-X counterparts. The 7 bonding is
negligible whereas the dominate variation against strain
appears in op,. We have found that a tensile strain on
the order of ¢ = 5% eliminates the three-fold degeneracy
of the valence bands at the I' point in MgoGe. A two-
fold band degeneracy, however, remains intact through-
out ¢ € [—10%, +10%] in MgoSi. Our results illustrate
that the band gap of MgoX is highly tunable through a
uniform strain so that, despite their unstrained charac-
teristics, the Mgy X compounds can acquire semiconduc-
tor (metallic) characteristics. These findings point into
an excellent opportunity for band engineering of MgsX-
based materials?? and can be helpful when analyzing and
designing devices made of MgsX.

Moreover, unlike the simple single-band parabolic
models, our machine-learned five-band TB model is able
to capture key features of the DFT valence band struc-
ture of strained MgoX (X = Si, Ge,Sn, Pb) within the
entire Brillouin zone with significantly reduced compu-
tational complications and lower cost than DFT. There-
fore, it can be employed to perform large-scale molecu-
lar dynamics simulations and quantum transport studies
as further improvements are desired for a practical im-
plementation of MgyX-based thermoelectric generators,
which are of fundamental importance from the engineer-
ing and technical points of view. Methodologically, our
approach is transferable for MgoX-related intercalation
compounds and it provides a basis for developing more
realistic TB models than the single-band parabolic mod-
els. We remark that the DFT method itself is applicable
for systems with few hundreds of atoms and once dif-
ferent elements are included, the calculations for search-
ing favorable compositions become computationally very
challenging if not impossible.?® From the technical and
fundamental physics perspectives, the MMTB approach
discussed in this paper has a very low computational cost,
it provides an explicit Hamiltonian that can accommo-
date an external magnetic field, many-body interactions,
impurities and disorder, and thereby, it facilitates real
space simulations, which are relevant for experiments.
Furthermore, this approach provides highly deep and fun-
damental physical insights into the electronics properties
and interactions that can occur in a system such as the
detailed orbital interactions briefly discussed and shall be
presented at length in the following.

The paper is organized as follows. In Sec. II, we dis-
cuss the configuration, crystal symmetry of MgyX, and
the displacement vectors used in our MMTB models. In
Sec. I1I, the TB formalism is summarized. In Sec. IV and
V, the Monte-Carlo search algorithm and details of the
DFT calculations are given, respectively. The results are
presented in Sec. VI and finally, the concluding remarks
are summarized in Sec. VII.

FIG. 1.  The configuration of the M2X compounds. The
magenta and blue spheres display the Mg and X atoms, re-
spectively. Panel (a) shows the top view of the structure and
panel (b) is a three-dimensional view of the same structure.
The principal axes are marked by a, b, c. The lattice constant
is a, which connects two X atoms along each principal axis.

II. CONFIGURATION OF Mg,X

Figure 1 displays the configuration of MgsX with two
different views. Figure 1(a) shows the top view of the
structure whereas Fig. 1(b) is a three-dimensional per-
spective view. The structure is equivalent to the fluorite
structure with the anions and cations swapped and is
known as antifluorite. An antifluorite configuration can
be generated with a face-centered cubic Bravais lattice
and a simple-cubic lattice in the interstitial sites. The X
atoms are located on the atom sites of the former lattice
while the Mg atoms occupy the atom sites of the latter
lattice. In what follows, for simplifying our notation, we
have labeled the cation sublattice sites by A(A’) (two
atoms per unit cell) and the anion sublattice site by B
(one atom per unit cell). As seen in Fig. 1, the unit cell
of MgoX contains twelve atoms (8:4 ratio). To construct
an accurate TB model, one needs to account for both the
different atom types available in a composition and the
distance and orientation of different atoms with respect
to other atoms. Defining the tight-binding interaction
vectors, we have summarized the nearest-neighbor inter-
action vectors d,p among atoms located on the different
sublattices of MgoX in Table I. To further simplify our
notation, we have defined «, 8 € {A,A’,B}. Although,
throughout the paper, we shall discuss the model con-
structed and results obtained by the nearest-neighbor
interactions, we have constructed models incorporating
both the nearest-neighbor and next nearest-neighbor in-
teractions simultaneously. Our results revealed only a
slight improvement and therefore we avoid presenting the
models with the next nearest-neighbor interactions.

III. MULTI-ORBITAL TIGHT-BINDING
MODEL

When isolated atoms are brought together to form a
material, the individual atomic orbitals of each atom



a Bl (zy2) |a B (z,9,2)
A A’la(+1,0,0)/2| B B| +a(0, 1, 1)/2
A" A la(0, £1, 0)/2 +a(1, 0, 1)/2
a(0, 0, +1)/2 +a(1, 1, 0)/2
+a(0, 1, -1)/2
+a(1, 0, -1)/2
+a(1, -1, 0)/2
A Bla(l,-1,-1)/4|A’ B| a(-1, 1, 1)/4
B A'la(-1,-1,1)/4| B Al a(1, 1, -1)/4
a(-1,1,-1)/4 a(l,-1,1)/4
a(l,1,1)/4 a(-1, -1, -1)/4

TABLE I. Nearest-neighbor vectors d,3 among the sites of
the sublattices A, A’, B. The lattice constant is denoted by
a.

start interacting with those of neighboring atoms. This
interaction is largest among electrons that occupy the
outer electron shells and diminishes among electrons
within inner electron shells. The interactions can be
bonding or anti-bonding and therefore, the molecular
orbitals that describe the physical properties of a ma-
terial can be a combination of the original atomic or-
bitals. To construct a reliable model Hamiltonian that
contains these pivotal aspects, the interaction among the
electrons, occupying the outer electron shells, should be
properly accounted for. In this case, the Hamiltonian can
be expressed by
R S 6 bastution o (0

k,uv,aB,00’

+ 7735,00’5045}035170”03500/ + h'C" (1)
where the on-site energy, hopping integrals among atoms,
and spin-orbit interaction are denoted by &, 7y, and n,
respectively. The different atoms are marked by «,f

whereas 1, v and o, ¢’ represent the electron orbitals and

spin species, respectively, C’gf E,T;

ation) operator and ¢;; is the Kronecker delta function.
By the inclusion of multi-orbital interactions among dif-
ferent atoms, electrons can occupy mixed and intermedi-
ate states with some finite probability. The multi-orbital
nature of our tight-binding Hamiltonian is encoded into
the hopping integrals as follows

i) = 3 20(8) explik - 8), (2)
8€d,

, is the annihilation (cre-

in which k is the momentum of a particular moving elec-
tron, 4 is the displacement vector, and tz‘f (8) is the hop-
ping integrals?®.

Because of stronger interactions in heavy elements, the
spin-orbital mediated interactions play an important role
and considerably change the properties of a material.!
The intrinsic spin-orbit interaction in a crystal can gen-

erally be given by*!

Hso = C(r)L - S, (3a)
() oc 2V (30)

where L and S are the total orbital and spin angular
momentum operators, respectively, and V(r) is the total
crystal potential. In this model, {(r) depends both on
position 7 and the crystal potential, and therefore deals
with the radial part R, ;(r) of the electron-orbital wave
functions ¥y, ; ,,, which are dependent on quantum num-
bers n and [ through

= le(T)Yi,m(ea ¢) (4)

Therefore, the spin-orbit coupled part of the Hamiltonian
Eq. (1) in its component form can be expressed by

\I/n,l,m

Nuv,oo’ = MO <f: : S> . (5)

!
pnv,oo

To evaluate Eq. (5), it is more convenient to introduce
the ladder SOI operators as follows

A~ A A A 1 ~ 4 A A
LS:LzSz+§(L+S_+L_S+),
Ly =1L,+iL, (6)
S. =S, +1S,.

Defining n,l, m, s as the principal, azimuthal, magnetic,
and spin quantum numbers, respectively, the quantum
numbers are restricted by | = {0,1,2,..,n — 1}, m =
{=l,=l+1,..,1—1,1}, and s = £1/2. The operation of
the angular and spin operators on a wave function at a
state 9y m,s are summarized as follows

S:Vlms = SVtm,s,
LoWtm,s = Mlm,s:
Lithims = VIFm) T £m+ D m,s,
Sty ma1/2 =0, (7)

StVim,x1/2 = Vim,+1/2,
Lzszwl,m,s = mswl,m,sv

A A 1
LS+t m +1/2 = 5\/(1 —m)(L+m+ )Y 51/2-

Further details on the inclusion of SOI in the formalism is
presented Appendix A (see Eq. (A28)). In the equations
above, we have set i = 1 to simplify the notation.

Since the inner shell electrons are strongly bonded
to nuclei, one can consider them as frozen electrons
and only account for the interaction among the va-
lence shell electrons. Therefore, we have constructed
several models, accounting for excited electrons up
into the d orbitals, i.e., {dyy,dyz, dzp, dyp2_yv,ds,2_p2}.
For example, in the smallest model where it de-
scribes five electronic bands around the Fermi level,



we consider the interaction among {s,p,, Dy, p.} or-
bitals. In the largest model, the interaction
among {8, pz, Py, Pz duys dyz, dzaus de2 gy, d3z2_p2, s*} or-
bitals are considered and the model is able to describe
eighteen electronic bands around the Fermi level. These
interactions result in relatively large expressions for the
hopping integrals that are given in Appendix A.

IV. MACHINE-LEARNING FOR FINDING
OPTIMIZED PARAMETERS TO THE TB
MODELS

As described in the previous section and given in Ap-
pendix A, the TB models in the presence of SOI can
contain tens of unknown parameters to be calibrated
through comparison with a reference data set (in our
case, the DFT data of the band structure is the refer-
ence). Therefore, one needs an efficient approach to find
optimal and reliable parameter values to the TB mod-
els. One efficient machine-learning approach is the simu-
lated annealing (SA), which is a Monte-Carlo method for
derivative-free optimization, built on concepts from sta-
tistical physics*?. The SA algorithm mimics the anneal-
ing process by first defining some cost function. Next,
an initially high temperature T is simulated by allow-
ing the coordinates of the system to randomly fluctuate.
The thermal equilibrium is gradually achieved by slowly
cooling the system and primarily allowing fluctuations
with some probability of accepting fluctuations. The en-
tire process reduces the cost-function whereas the fluc-
tuations increases the cost-function. In our optimization
process, we have defined a cost function by

In Eq. (8), the sum runs both over all the data-points of
the model and the corresponding reference data points
&!. Depending on the problem, the weight distribution
can be set to w; = 1. Oftentimes, a nonuniform weight
distribution, such as increased weights for bands closer
to the Fermi energy, is appropriate for problems where
the deviation among the data points and reference data
points is considerably large and produces outliers. The
acceptance criterion of a set of parameter values is used
as follows

1
MAC) =5 + exp(AC/T)

The variation of C between two steps is shown by AC.
The cooling schedule for a given parameter o' is

~ exp(—AC/T). (9)

T(t) = Ty exp (—ctl/d) , (10)

where T} is the initial temperature, d is the (effective)
dimension of parameter space, and c is a tunable cooling

constant. To incorporate the temperature schedule, i.e.,
Eq. (10), the update to each parameter o

ol =0 +y'(Bi —A), (11)

are drawn from the distribution

yi = sgn (u’ _ ;) T(ti)[(l +T(ti)—l)|2ui_1| _ 1]’ (12)

u' = U0, 1].

where sgn is the sign function, T'(¢;) is the temperature
of parameter o at step i, and UJ0, 1] is the continuous
uniform distribution between 0 and 1. Also, B; and A;
are the upper and lower boundaries for the search space
of parameter a’. The random generator (12) always pro-
duces a number in the range [—1, 1]. The full span of the
search space for each parameter B; —A; is not necessarily
known, but may be approximated to bias the algorithm
towards generating step sizes proportional to the relevant
search space. Fluctuations in more sensitive parameters
cause more significant changes to the cost function. One
can efficiently optimize values to the more sensitive and
the less sensitive parameters by multiple rounds of the an-
nealing process, were more (less) sensitive parameters are
gradually allowed to fluctuate relatively less (more). This
re-annealing strategy was suggested by Ingber*? where
the less sensitive parameters are periodically re-annealed
as follows

I 1 TO S; d
t  t; = max[0, (Cln(T(ti) " )
R A 0C(a) 3
s; = (B; — Ay) o (13)
~ (B; A)C([a1>~--,Oéi+5a,...,o¢d})_C(a)
B da :

Here, s; is the sensitivity of parameter o, smay is the
largest sensitivity, da is a small increment in one param-
eter and « is the vector of parameters.

The required extensive search of the high-dimensional
parameter space of our TB models using the Monte-Carlo
algorithm is a slow process, especially when many dif-
ferent datasets are to be considered. To speed up our
extensive search to find best optimized TB parameters,
we have implemented a massively parallelized algorithm
using graphical processing units (GPU).

V. FIRST-PRINCIPLES DENSITY
FUNCTIONAL THEORY CALCULATIONS

The density functional theory (DFT) calculations of
electronic structure are performed using the GPAW
package.** We have employed the gradient-corrected
PBE approximation for the exchange-correlation energy
functional. The k space grid is constructed by the
Monkhorst-Pack scheme and a relatively large value of
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FIG. 2. The DFT formation energy per atom as a function of
lattice parameter a for the different compounds of Mg2X (X =
Si, Ge, Sn, Pb). The energetically favorable lattice constants
are obtained as ap = 6.362,6.426,6.807,6.908 A, respectively.
The vertical lines exhibit the location of the optimized lattice
constants.

grid density is used, i.e., 8.0 k-points per 1/A. The ki-
netic energy cutoff for plane waves is set to 800 eV. The
width of the Fermi-Dirac distribution is set to 0.01 eV.
All DFT calculations presented are performed in the
presence of SOI. Also, the results from DFT without
SOI are used for investigating the influence of SOI on
the band-structure.

To simulate the strained configurations, we introduce
a strain tensor with components &;; in which the in-
dices run over real space coordinations, i.e., ij € z,y, 2.
The strained unit cell and therefore updated locations of
the different atoms can be described by the new vectors
a = €42a0, b = gyybo, and ¢ = €,.co. The unstrained
vectors are ag, bg, and cg. In what follows, we restrict
our simulations to a low-strain regime, i.e., £10% to
make sure no structural transition occurs upon inserting
strain into the unit cell. In order to determine any struc-
tural transition, one has to perform high-throughput cal-
culations and span a huge search space made of vari-
ous structures. Nevertheless, from previous studies on
two-dimensional materials (see Ref. 45 and references
therein), which are more sensitive to strain, we assume
that the antifluorite MgoX compounds with a cubic-like
configuration are stable in the presence of strain less than
+10%. Note that +10% of strain corresponds to 10% of
tensile and compressive strain, respectively. Throughout
the paper, we consider uniform strain in all directions.

The radii of X elements differ considerably. There-
fore, one can expect that the lattice constants of MgsX
compositions vary significantly. In order to find the
energetically stable lattice constant for each composi-
tion, we have performed DFT calculations and plotted
the formation energy of these compounds as a func-
tion of lattice constant a in Fig. 2. The formation
energy is normalized by the number of atoms in the

Compound ||Experiment DFT
ao(A)  ao(A)

MgsSi 6.340 6.362
Mg2Ge 6.385 6.426
Mg2Sn 6.765 6.807
Mg2Pb 6.836 6.908

TABLE II. The lattice constant of Mg2X from experiment
and DFT predictions.

unit cell. As seen, MgsSi has the smallest lattice con-
stant, i.e., ap = 6.362A whereas the lattice constant
of MgoPb is largest: ag = 6.908A. The predicted lat-
tice constants for the compounds MgsGe and MgySn are
ap = 6.426,6.807A, respectively. These results are per-
fectly aligned with the increase of atomic numbers and
radius of atoms among Si, Ge, Sn, Pb. The obtained lat-
tice constants are in good agreement with experiments as
summarized in Table I1.4674® In the calculations and dis-
cussions that follow, we shall use the above predicted lat-
tice constants for the relaxed structures in the absence of
strain and obtain strained structures accordingly. There-
fore, the normalized formation energy of the strained
structures can be found in Fig. 2 as well.

VI. RESULTS AND DISCUSSIONS

In Sec. VI A we discuss the band structure results of
the five-band TB model. The contribution of the s and
p orbitals of Mg and X to the total band structure is
discussed in Sec. VIB. The strength of SOI and the o
and 7 bondings in MgsX are presented in Secs. VI C and
6, respectively.

A. The band structure from the machine-learned
five-band TB model

Figure 3 exhibits the band structure of MgyX (X =
Si, Ge,Sn,Pb). In all cases, the Fermi level is shifted
to zero energy. The dashed red curves are obtained
through DFT whereas the solid blue curves are the results
of our machine-learned five-band TB model. Column-
wise, the element X changes as X = Si, Ge, Sn, Pb from
left to right, respectively. Row-wise, Fig. 3 shows how
strain affects the band structure at ¢ = —10%, 0%, +10%
from top to bottom, respectively. The band structure is
plotted along the high-symmetry path TXWLI'KX in k-
space. As seen, our five-band TB model reproduces the
band structures in a good agreement to the DFT results.
Specifically, the three valence bands produced by the five-
band TB model deviate only slightly from those of DFT.
Similarly, the same precision in predicting the valence
bands is accessible to larger models than the five-band
model. The two conduction bands, however, have larger
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FIG. 3. The band structure of MgsX along a high-symmetry path I'XWLI'KX. Column-wise, from left to right, the element
X = Si, Ge,Sn, Pb changes, respectively. Row-wise, the applied strain varies ¢ = —10%, 0%, +10% from top to bottom,
respectively. The dashed curves show DFT predictions and the solid curves are the results of the machine-learned five-band

TB model.

deviations from those of DFT although at the I' point
we yet see good agreement between the model predic-
tion and DFT. The main reason for the larger deviation
of the conduction bands originates from the exclusion of
higher excited states in our five-band TB model. In fact,
an excited mode over the Fermi level is a complicated
hybridization of several excited states. However, in the
five-band TB model, we have considered the contribu-
tion of five orbitals only, namely the 3s orbital of Mg
and the {p,,p,,p.} orbitals of the X elements. There-
fore, in order to obtain more accurate predictions for the
conduction bands using the TB method, one needs to
take more of the excited orbitals into account. To con-
firm this, we have considered the {3s,3p} orbitals of Mg
and {s,p,d,s*} orbitals of X, constructed an eighteen-
band TB model, and calibrated the model to the DFT
band structures. The results revealed almost perfect re-
production of the band structures obtained by DFT, close
to the Fermi level. A representative band structure from
the machine-learned eighteen-band TB model is shown in
Fig. 7 of Appendix B. As seen, most of the band features
and details of DFT are now reproduced with the larger
TB model. Therefore, the five-band model supports the
valence bands accurately and, compared to the single-
band parabolic model, it captures the curvature of the
valence/conduction bands at the v point. Depending on
the required accuracy within the conduction bands, one
can employ either of the five-band or eighteen-band mod-
els at the cost of computational speed. In the following,

the s orbital of Mg and the p orbitals of X is equivalent to
the 3s orbital of Mg, and 3p orbitals of Si, 4p orbitals of
Ge, 5p orbitals of Sn, and 6p orbitals of Pb, respectively.

B. The contribution of s and p orbitals

The obtained parameter values of the five-band TB
model for e = 0%, +10% are given in Appendix C. Our
five-band TB model is able to describe the low-energy
properties of the compounds MgsX, e.g., through pro-
jection of the total band structure onto different orbitals.
Figure 4 illustrates the projection of the total band struc-
ture of MgoGe onto each orbital. The analysis of the
MgsX compounds showed that these orbitals play similar
roles in them. Therefore, we discuss the representative
case of MgyGe. Figures 4(a), 4(b), and 4(c) illustrate
how strains of ¢ = —10%, 0%, +10%, respectively, influ-
ence the contribution of the individual orbitals to the
total band structure. For visualization reasons, the con-
tribution of the bands is proportionate to their thickness,
i.e., the thicker parts have larger contribution than the
thinner segments. Figures 4(aq), 4(b1), and 4(c) display
the contribution of the s orbital of Mg whereas the con-
tributions of the {p,,py, p.} orbitals of Ge Sn are shown
in Figs. 4(ag,ba,c2), 4(as,bs,c3), and 4(ay,bs,c4), respec-
tively.

First, the figures illustrate that the contribution of the s
orbital of Mg is largest to the conduction bands whereas



the p orbitals of X have the largest contribution to the
valence bands. Therefore, in a compound Mgy X, the en-
ergy of particles occupying the s orbital of Mg is larger
than those occupying the p orbitals of X. The analysis of
twelve-band and eighteen-band TB models showed that
the energy of particles occupying the s orbital of X is
lower than its p orbitals and thus has no contribution to
the orbitals of our five-band TB model. It was found that
the p orbitals of Mg and d orbitals of X contribute slightly
to the total valence band as well, but much less significant
than the s orbital of Mg and p orbitals of X. It is well
understood that the excited particles are basically gov-
erned by the conduction bands. Hence, Fig. 4 reveals the
fact that when the two elements Mg and X are brought
together in the antifluorite configuration shown in Fig. 1,
Mg tends to transfer its two s electrons to the p orbitals
of X. Therefore, in the MgoX(X = Si, Ge, Sn, Pb) com-
pounds considered here, Mg plays a cation role whereas
X turns into an anion and create Mg3 " X*~, which is con-
sistent with the electronegativity scale.

Second, Fig. 3 shows that the main contribution to the
valence band structure and accordingly, the main physi-
cal properties of MgsX at equilibrium originate from the
p orbitals of the X atoms. Thus, to account for SOI in
our five-band TB model, one can simply include the spin-
orbit mediated interactions among the p particles only.

A compressive strain on the order of ¢ = —10%, shown
in the leftmost panels of Fig. 4, weakens the contribution
of the s orbital of Mg (Fig. 4(a1)) and causes a dominant
contribution of the p orbitals of X to the valence bands.
Subject to € = —10% of strain, the contribution of the p
orbitals of X to the conduction bands is negligible while
the s orbital of Mg governs the conduction bands. The
application of € = +10% tensile strain, however, has an
exact reversed effect and causes more contribution of the
s orbital of Mg and p orbitals of X to the valence and
conduction bands, respectively. These features can be
fully understood by noting the fact that compressive and
tensile strains result in stronger and weaker coupling of
the orbitals, respectively. Therefore, in the presence of
¢ = —10% strain, the s orbital of Mg acquires stronger
contribution to the conduction bands and becomes ener-
getically less favorable (appears at larger positive ener-
gies when comparing the conduction bands of Fig. 4(a;)
to Fig. 4(by)). Whereas the contribution of the p orbitals
of X to the total band structure is more localized on the
valence bands. This can be confirmed when comparing
Figs. 4(ag, ag, as) with Figs. 4(ba, bs, bs)) where the p or-
bitals of X become energetically more favorable (appear
at larger negative energies). In contrast, when subject to
+10% of tensile strain, the Mg and X atoms are slightly
decoupled and therefore the entire system tends to ac-
quire properties closer to isolated atomic species. This is
clearly seen in Figs. 4(c) that not only the contribution of
the s orbital of Mg to the valance bands is strengthened
but the conduction bands also acquire smaller positive
energies. Likewise, the p orbitals of X acquire smaller

negative energies. The results of our five-band TB model
for the orbital contributions in unstrained MgyX are in
agreement with those concluded from DFT.15:49:50

C. Strength of spin-orbit interaction

As pointed out earlier, the TB model allows us to
estimate the strength of SOI in the MgsX compounds.
Utilizing our machine-learned five-band TB model, we
have summarized the strength of SOI, ngo, for X =
Si, Ge, Sn, Pb and strain values from ¢ = —10% to ¢ =
+10% by a step of 2% in Table III. To obtain the re-
sults of nso in Table III, we have confined our model to
a small interval around the I' point. This confinement
results in a perfect fit to the DFT band structure and
more accurate estimation of 7go. Also, we have summa-
rized the values of ngo by fitting the five-band TB model
to the entire Brillouin zone in Appendix C. Neverthe-
less, the physical trends and conclusions made remain
the same. We have shown the values of ngo, obtained
through the confined five-band TB model, as a function
of X = Si, Ge, Sn, Pb for ¢ = 0%, +10% by dots in Fig. 5.
As seen, the strength of SOI follows a significant and sys-
tematic enhancement by increasing the atomic number z
of X. We tested several functions, including exponential
and polynomial ones, to determine the functionality of
nso to z and e. Our results suggested a second order
polynomial as a function of z with a least deviation from
the original data points as follows

nsol(e, 2) = A(e)2* 4+ B(e)z + C(e). (14)

Further investigations found that the coefficients of the
polynomial function possess linear functionalities with re-
spect to strain e so that the coefficients can be described
by

A(E) = Ae+ .Ag,
B(c) = Bie + Ba, (15)
C(&) = C1€ + CQ,

in which the constant values are A; = —0.385meV,
As = 0.681meV, By = 11.7meV, By = —2.12meV,
C1 = —115.5meV, Co = 223.3meV. Therefore, Egs. (14)
and (15) determine the dependence of the strength of SOI
to the atomic number of X and strain €. To illustrate the
efficiency of this model, we have plotted nso(e, 2) as a
function of z and three values of strain by dashed lines
in Fig. 5. We see that the obtained equation (14) can
properly predict the variation of SOI in MgyX subject
to strain. Figure 5 and Table IIT demonstrate that com-
pressive and tensile strains enhance and suppress 750,
respectively. This is consistent with the contribution of
the p orbitals of X to the total band structure found in
Fig. 4.

According to the findings of thermoelectric effects re-
ported in the literature and discussed earlier in Intro-
duction, the delicate splitting and aspects of the band



(3]
N

'O
Energies (eV)
v o

Energies (eV)
o
IS

f
N

'
(=)}

N

(=]
5

Energies (eV)
TN

'
[=)}

'
N

(3]
N

(=]
(=]

f
IS

&
=

S
«w .

.
ES

Energies (eV)
)

Energies (eV)
)

(a4)‘:..u/,.’\/;

!
(=)}

N

(=]

Energies (eV)
o

,
i

&
—
Q
By
—

o) L

r Xw L I XW L T T X W L

r Xw L T T Xw L T Xw L T

FIG. 4. The projection of the total band structure onto the {s,ps, py,p-} orbitals. The applied uniform strain to the system
is e = —10%, 0%, +10% in panels with (a), (b), and (c) labels, respectively. The panels with index ‘1’ show the contribution of
the 3s orbital of Mg whereas the panels with indices ‘2’, ‘3’, and ‘4’ display the contribution of the 5p,, 5py, 5p. orbitals of Sn,

respectively.

structure highly influence the Seebeck coefficient, charge
conductance, and phonon scattering. The latter quan-
tities determine the thermoelectric power of a material.
Therefore, our results of the band structure upon chang-
ing X and exerting strain point into the fundamentally
important ingredients to be accounted for when analyz-
ing various physical properties of MgsX. Note that, in
general, the unstrained MgsX compounds are indirect
band gap semiconductors®* and we here instead focus on
the valence band splittings. The detailed study on the

1.6
E =

14| A -10%
® %
12|V +10%

Ge(l32) Sn(ISO) Pb(IBZ)

Atomic number

0
Si(14)

FIG. 5. The strength of spin-orbit interaction as a function of
the atomic number of the elements X = Si, Ge, Sn,Pb. The
maximum compressive and tensile strain values are applied
to the system, i.e., ¢ = F10% and compared with the cases
without any strain, i.e., ¢ = 0%.

indirect band gaps of the MgsX compounds subject to
strain can be the focus of a future work.

The three valence bands in the total band structure
are degenerate at the I' point for some cases as seen in
Fig. 3. These three bands however split into two and
three bands at the I' point as a result of SOI, depending
on strain and the atomic number of X. The results are
summarized in Table III. The highest valence band at the
I' point is labeled by 1% and the first and second bands
below the highest valence band are named 2°¢ and 34
bands, respectively. The splitting magnitudes between
15t-27d and 15%-3'9 are denoted by 9t g0 and g2 g, Te-
spectively. The gi,so band splitting at the I' point in
MgoSi is zero throughout the entire strain interval we
considered. However, g! 45 acquires nonzero values when
applying € > 5% of tensile strain to MgyGe. The split-
ting increases in MgsSn and MgePb and appears even at
compressive strains. This is in contrast to gg,so which
is nonzero for all compounds and enhances (suppresses)
in the presence of compressive (tensile) strain similar to
the strength of SOI. Note that the values of the band
splittings giso are different from the strength of SOI,

7so-

D. The contribution of ¢ and 7m bondings

The five-band TB model further provides insightful in-
formation into the type of bondings and their strength in
the MgoX compounds. We have extracted the behavior
of the o bondings and 7 bonding energies from our model
and plotted them as a function of strain for different X
in Fig. 6. Also, the exact values of the bonding parame-



The strength of spin-orbit interaction from the five band TB model nso (meV)

€ -10% 8% 6% 4% 2% 0% +2% +4% +6% +8% +10%
MgoSi || 25.4 24.7 240 236 232 230 227 213 21.0 206 204
MgoGe|| 149.1 144.8 141.0 136.9 133.5 130.5 127.9 125.7 124.3 121.8 119.7
MgoSn || 408.7 394.3 379.9 368.3 355.9 344.1 3322 321.2 3209 316.5 314
MgoPb|[1519.0 1475.9 1425.5 1376.4 1335.6 1300.5 1269.2 1241.6 1216.6 1193.8 1167.5

The band splitting between 1°° and 2™¢ valence bands at the I' point g;,so (meV)
Mg2Si || 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Mg2Gel|| 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 16.8 182.6 179.7
MgzSn|| 0.0 0.0 0.0 0.0 0.2 0.3 0.5 0.9 1.0 20.1 265.2
Mg>Pb|| 0.0 0.0 0.3 181 316.6 592.0 855.0 1097.1 1318.7 1519.5 1699.5

The band splitting between 15 and 3@ valence bands at the I' point g?,so (meV)
MgoSi|| 375 364 354 345 336 329 322 315 309 304 299
MgoGe|| 226.2 219.8 213.6 207.9 202.6 197.8 1934 189.4 185.8 276.5 5154
MgoSn|| 622.8 600.8 580.5 561.9 545.1 529.1 516.7 504.9 493.8 482.1 471.6
Mg2Pb||2334.5 2247.0 2166.4 2093.1 2029.8 1973.3 1918.9 1871.9 1822.3 1778.2 1748.3

TABLE III. The strength of SOI, nso, and band splittings ggyso and gg,so at the T' point in the Mg>X(X = Si, Ge, Sn, Pb)

compounds subject to strain € € [-10%, +10%).
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FIG. 6. The absolute values of bondings oss, Tpp, Opp, Tsp, as a function of strain e, are displayed in panels (a)-(d), respectively.
The curves with different symbols show the different compounds Mg>X (X = Si, Ge, Sn, Pb).

ters are given in Appendix C. The o bondings among s-s
orbitals, p-p orbitals, and s-p orbitals are shown by o5,
Opp, and oy, respectively, while the m bonding among the
p-p orbitals is denoted by m,,. The results in Fig. 6(b)
reveal that the m,, bonding is negligible compared with

VII. CONCLUSIONS

We have developed machine-learned multi-orbital
tight-binding (MMTB) model Hamiltonians to study the
electronic properties of the MgsX (X = Si, Ge, Sn, Pb)
antifluorite structures subject to uniform strain. The
MMTB models are fitted to the DFT band structure
using a massively parallelized Monte-Carlo search algo-
rithm. The investigations demonstrate that a machine-
learned five-band TB model, accounting for the s orbital
of Mg and {py, py, p» } orbitals of X occupying their outer
electron shells, respectively, can sufficiently describe the
electronic characteristics of MgoX close to the Fermi

the o bonding shown in Figs. 6(a), 6(c), and 6(d). The
largest variation upon strain belongs to o, and compres-
sive strain enhances o,,. Also, Figs. 6(c) and 6(d) show
that o, and o, are the dominating bondings in Mg, X.

level, in particular, the valence band and the effect of
SOI. We find that the Mg atoms tend to transfer their
electrons, occupying the s orbital, to the p orbitals of
the X atoms and create Mg2~ X**. This phenomenon is
clearly seen in the projected band structure where the
s orbital of Mg is largest on the conduction bands, sup-
porting excited states, whereas the contribution of the p
orbitals of X is largest on the valence bands with energies
lower than the Fermi level. The application of compres-
sive strain causes further localization of the contribution
of the s orbital of Mg to the conduction bands at higher
energies above the Fermi level and the p orbitals of X to
the valence bands at lower energies below the Fermi level.
Tensile strain, however, has a reversed effect and weak-
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ens the contributions of the s orbital of Mg and the p be generalized and utilized to study large-scale MgsX-
orbitals of X to the conduction bands and valence bands, based compounds both in molecular dynamics simula-
respectively. tions and quantum transport studies with more accuracy
The analysis of the projected band structures shows compared to those of single-band parabolic models avail-
that the spin-orbit interaction (SOI) in MgsX originates able in the literature. Moreover, the presented TB con-
from the p orbitals of X. Extracting the strength of SOI  struction approach which combines DFT band structure
nso through the five-band TB model, we have obtained with multi-dimensional Monte-Carlo search of parame-
a function for predicting ngo in the presence of strain ters can be applied to a wide variety of materials.
and against the atomic number of X. The five-band TB
model reveals that the main bonding contributions in the
MgeX compounds are |osp| > |0pp| > |0ss], and that the

7 bonding is negligible. o, shows the largest variation ACKNOWLEDGMENTS
upon applying strain.

We have found that both X and strain can effectively The DFT calculations were performed using the re-
control the band gap of MgyX, turning a semiconduc- sources provided by UNINETT Sigma2—the National In-
tor into metal and vice versa, and efficiently manipu- frastructure for High Performance Computing and Data

late the band splitting of the valence bands at the I’ Storage in Norway, project number: NN9497K. Financial
point. These findings point into controllable electronic support from the NTNU Digital Transformation program
properties, quantum transport, and thermoelectric ef- (Norway) for the project ALLDESIGN is gratefully ac-
fects in these materials. Our five-band TB model can knowledged.

Appendix A: Hopping integrals and SOI matrix elements for the eighteen-band TB model

In this Appendix, we present the components of the largest TB model constructed. This model includes
{8,025 Py Dz, day, dyzy Aoy g2y, ds 22, 8™} orbitals and describes eighteen electronic bands around the Fermi level.
To construct smaller models, similar to the five-band TB model presented in the main text, one simply needs to
remove the associated interactions in the eighteen-band TB model. The basis set for the largest TB model is given by

_ A A A A A’ ~A A’ A’ B B B B
‘1’18 - (Cso" Cpmo" prso’ sza’ Csa ’ Cpmo" Opysa’ sza’ Csa’ Cpmaﬂ pr(ﬂ szzﬂ
B B B B B B\’ (A1)
Cdmytﬂ Cdyzzﬁ Cdzma’ Odzgiyza’ Cd3227T207 Cs*o‘) .
The basis set used in the five-band model is instead
A ~A" B B B T
w5 = (Ch, O CR L. CR L CR L) (A2)

In the following, we have summarized the various interactions and hopping integrals in matrices that arise in our
largest TB model:

p|| A, A, A, A, B, B, | By | B:
A, Va1 x 5] el
A, VLB x5l | (VBT
A Ysp(K)[12 x 12] (var) [ x 5] | (v
Ay (=0 ) [B < 8] (=75)
B, BB x5 BB

v(k) = WsédB[ < 71_5jBST ’ (A3)

BP ’de [3 X 5] (Vs*p)

Ba || (vaP)t (o)t (vAP)T (=)™ (VER)T (5P ol 75
Bx1] 5x3 [Bx1 [Bx3 [Bx1 [5x3] [5 x 5] [1 x 5]
B: || (vA5)r (85 485 85 (ER) (BB (R (v&5.)
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B, |Bu. By B

A, ‘ A, A/y A

AA AA AA AA AB AB
AS ’YSS Wsp ,yss ’ysp 735 ,ysp
Ay
Ay || (5T Top: (=75 )" Top (vt Tor
A,
A et ()" et ey (re)* ~(v2)"
’YSp(k) = Alx . (A4)
Ay | ()T Top: (M) Top: (=) (rp)*
A,
B, || (v&%)" (v Ve —Ven Tee Yoy
Bpa
Bpy || (75°) (vpp )" ()" Moy (vt Ton
B,.
The interaction parameters defined in Eqgs. (A3) and (A4) are given by
’ ’ kJ, k kz
FAAT — AAA — 968 (cos - Teos ?y + cos ?), (A5)
" ko k ke k. k k.
AR = AAAT — 45 BA (cos 5 cos ?‘y + cos = cos - + cos ?y cos 5), (A6)
ke k ke ks ky k.
BB — 4688 (cos - cos ?7” + cos 5 o8 o + cos ?y cos 5), (A7)
/ k k k ks k, k
AAB — (/A B)* — 452B(cos Zx cos Zy cos f — dsin Zm sin Zy sin Zz)’ (A8)
T _ s (57 ycon( 152 4 (57 cos( 52— K) s 5y con(R 4 B2y 1 58 cos( R K
= tPPi (8] ) cos(2 + = Pi(§)) cos(=L — = Pi(65) cos(— + — Pi () cos(— — =
2 2 2 k? k2 k? kZ 2 2 (A9)
T () cos(R2 + vy rms (6 cos (B - By,
2 2 2 2
where
T, 00 pr 0 po pr p— O
P ) =1 0 pp op- thri(6y)=| 0 =, 0 PP (0f) = |p- py O
0 p- -0 0 0 75
p P+ p P+ pp (A].O)
T, 0 0 pr 0 —p- py —p- O
eo@h =0 pe | emeh=| 0 w0 | emeh = a0
0 —p- ps -p- 0 py 0 0 m

Here, py+ = (UBp + 78 /2 where o8 and 7Tpo represent the o and 7 bonds for the p orbitals of the B atoms. The

elements 73 (d)[i, j] of (A10) represent the coupling between orbitals p; and p; in the direction . The equivalent
expressions for the A elements are obtained as

AAAT L ATA o ﬁp 0 0 1 Trﬁp 0 0 71'1‘?[) 0 0
pp PP _ A -z A A
9 T 9 = 0 m, (3\ €08 +1 0 o, (3\ cosky + | 0 mp, (l cosk.. (A11)
0 0 m, 0 0 m, 0 0 oy

TYop = Vpp = Tpp [UB Gy Ty 7~TA]7 (A12)
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where VEPB is given by (A9) with a new set of parameters, i.e., 5;?17 and ﬁﬁp. For the cross couplings AB, the interactions
are given by

"By 100 010
,Y;Z)B = @ =pflo10 cos&cos@cosE —isin@sin@sinE —p, |1 00
4 4 2 4 4 4 4 4 4 2
001 000
X sin@sin@cos& —z'cos—wcos@sinE — Py 8 8 (1) sink—xcos@sin& —icos—gcsin@cosE
4 Ty g ) T 4 Ty 4 Oy
100
N 88(1) Coskx' kys' L kwco kycoskz
- — sin — sin — — ¢sin — cos — —
P2 g Ty 4Py
010
(A13)
where p; = (JﬁpB - a;}pB)/?) and pJ = (oﬁpB + 202,]3)/3. Also,
k k k.. . k, k kr. . k k k
VBB = 2V2i0 2P (sin ?m(cos ?y + cos 5), sin ?"(cos ?Z + cos %), sin Ez(cos ?x + cos 2y)> , (A14)
’ ’ kl . k . kz
,y;ApA = ryﬁ;A = ZiUﬁ;A (sin - sin Ey, sin 2) , (A15)
S S i (S (A16)
/ 4048 e . ky . k. ke k ke . ke k. k. .k k.
fySApB = 7(7;}]3)* =— \/‘g (cos vy sin Zy sin v isin - o8 Zy cos Z,sin - o8 Zy sin i icos vy sin Iy cos —~,
ke o ky ke ke Ky Ky
i 2% gin ¥ cos 2 _ B oe ¥ i 2
sin - sin -~ cos -~ —4cos -~ cos - “sin - |,
(A17)
BA BA’ T aB
Ysp = _(Wsp )* = ApB’YSp . (A18)
ol
The interaction of the d orbitals with those of s, p,d are summarized as follows.
Yaa = Y 2taa(8)cos(k - 8), (A19)

seoty
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312m? 3lm2n 3Pmn 3im(1* — m?) V3Im[n?* — $(1 + m?)]
3m®n? 3lmn? 3mn(I?> —m?) 3mn[n? — (12 + m?)|
tqa(6) = 3% 3nl(1? —m?) V3nl[n? — 3(12 + m?)] 0dd
T %(12 _ m2)2 \/§(12 _ 2) n2 _ %(F +m2)]
[0 = 302 + m2)?
2+m?—4Pm?  In(1 —4m?) mn(1 — 41?) 2lm(m? — 1?) —2\[lmn
m? +n? —4m?n?  Im(1 —4n?)  —mn[l+2(12 — m?)] V3mn(12 +m? —n?)
+ 24 n2—42n2 [l —2(0% —m?)]  V3in(? +m? —n?) | maa
T 2+m?— (12 —m?)? V3n2(m? — 12)
3n2(12 + m?)
n? +1?m? In(m? —1) mn(I*> - 1) FIm(1? — m?) %l (1+n?)
2 +m2n? Im(n*—1) mn(l+ 1(1% —m?)) 7% n(l> +m?)
+ m? 4+ P —nl(1 -1 —m?)  —LBin@®+m?) | daa,
T n? 4 52 —m?)?  P(1+n ><z2—m2>
(2

% 2)2
(A20)

in which 044, m4q and 044 are the hopping parameters, and T denotes the transpose of the upper-triangular matrix.
5;5  is the half of the BB vectors presented in Table I with a positive sign. Also, {l,m,n} are respectively the z, y
and z components of the direction of 4.

vfd = Z 2itpq(0) sin(k - 9), (A21)
sesty

where t,4(6) is the p-d interaction matrix given by

V3I2m V3lmn /31°n @ (12 —=m?) [n*— (1> + m?)]
tpa(0) = | V3im? 3m?n 3lmn % (12 —m?) m[n —%(F—i—m )] | opa
V3lmn /3mn? /3In? i n(l* —m?) n[n? — 3(12 + m?)]
(A22)
m(l1—202)  —2lmn  n(1-20%) 1(1-101%+m?) —/3In?

+ | 1(1 —2m?) m(1—2m?) —2mn —-m(1+1>-m?) —/3mn? Tpd-
—2lmn m(1—2n%) 1(1-2n%) —n(®?+m?) V3n(® +m?)

For the 7?,113 interaction, no significant simplifications are available, and it is most convenient to use Eq. (2) directly,
P = 3 (8 explik - 5) (A23)

Finally, the interaction between the s and d orbitals can be expressed by

Vod = Z 2t5a(9) cos(k - 9), (A24)
seoty
BB BB V3 ENICII 2
tsd (6) = 0Osd \/glm, \/gmnv \/gln, 7(1 -m )a n- - i(l +m ) ) (A25)
and 7?,1}3 is found to be
AB A'B AdB AB _AB
Vsd (r}/Sd ) = Zs (’Yspza%pl,’ysp ,0 0) (A26)
sp

A virtual s* orbital may be introduced into the formulations to represent the 4s/5s/6s/7s orbitals of Si/Ge/Sn/Pb in
order to obtain better fittings with less deviations with respect to the DFT band structure. The interaction integrals,
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FIG. 7. The band structure of Mg>Ge along the high-symmetry path IXWLI'KX. The strain is set to zero and the Fermi
level is shifted to £ = 0. The solid curves belong to the machine-learned eighteen-band TB model whereas the dashed curves
are obtained by DFT.

corresponding to s*, can be calculated using

Ba BB
T x O % ox
Voo, = e A 55 BB a={AA B}, u={s,pd}. (A27)
Sp ss

Also, we may summarize the p orbital matrix elements for the SOI operator 7,60/ as

Dis prT Dx| Pyt Pyl Dzt Pz

Pl 0O 0O — 0 0 1
e 0 0 0 i -1 0
Nso
Npipjoo’ = 7 Dyt i 0 0 0 0 — (A28)
Pyrl 0 =2 0 0 —2 O
pall 0 =1 0 i 0 0
pl 1 0 ¢« 0 0 O

Appendix B: The total band structure using the machine-learned eighteen-band TB model

As pointed out in the main text, the deviation of the conduction bands in our machine-learned five-band TB
model originates from the truncation of the more complete basis set given by Eq. (Al). A full conduction band is
a complicated hybridization of different excited orbitals such as the d orbitals in MgsX. To show how the inclusion
of higher excited states in our TB models can improve the fitting of conduction bands in the five-band TB model,
we have employed the largest TB model we constructed, i.e., the eighteen-band TB model, and plotted its results in
Fig. 7. We have considered a representative case where strain is set to zero and X = Ge. The dashed red curves are
the DFT band structure whereas the solid blue curves are the band structure from our machine-learned eighteen-band
TB model. Compared to Fig. 3(b2), we clearly see that the conduction bands are now greatly improved and more
delicate features are captured by the eighteen-band TB model. The same improvement is accessible through the
eighteen-band TB model when applied to the cases shown in Fig. 3.

Appendix C: Machine-learning obtained parameters to the five-band TB model

Table C summarizes the optimized bonding parameter values obtained for the five-band TB model, presented in
the main text, to describe MgyX(X = Si, Ge, Sn, Pb). We have included the obtained parameter values when strain
is € = 0%, £10%. The presented bonding parameter values, on-site energies, and spin-orbit coupling strength nso in
Table C reproduce the band structure within the entire Brillouin zone.

1 G. H. Grosch and K .-J. Range, “Studies on ABa-type inter- structure refinement and ab initio calculations”, J. Alloys
metallic compounds, I. MgaGe and MgsSn: single-crystal
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type AA BB AB on-site SOC
strain 0ss (V) Gss (V) |opp (V) mpp (V) |osp (V)| Eas (V) Egp (eV)|nso (eV)
Si || 0.0400 0.1036 | 0.6370 0.0002 | 0.6559 | 1.9654 -2.6307 | 0.0190

e=—10% Ge || 0.0793 0.1092 | 0.6251 0.0039 | 0.7674 | 2.0422 -2.6611 | 0.1234
Sn || 0.0327 0.0955 | 0.6451 0.0147 | 0.6695 | 1.5619 -2.8796 | 0.3059

Pb || -0.0955 0.0932 | 0.5718 0.0344 | 0.9046 | 0.9047 -3.0787 | 1.0731

Si || -0.0759 0.0660 | 0.4952 0.0052 | 0.6642 | 1.3375 -2.2480 | 0.0190

e=0 Ge || -0.1499 0.0587 | 0.4362 0.0233 | 0.8279 | 1.0853 -2.1530 | 0.1220
Sn || -0.0762 0.0678 | 0.4430 0.0281 | 0.7744 | 0.8680 -2.1290 | 0.2836

Pb || -0.1913 0.0479 | 0.3936  0.0451 | 0.8707 | 0.4543 -2.0863 | 0.9174

Si || -0.1600 0.0454 | 0.3044 0.0304 | 0.7843 | 0.6505 -1.5692 | 0.0186

e=+10% Ge || -0.2273 0.0331 | 0.2730 0.0425 | 0.8346 | 0.4864 -1.4543 | 0.1135
Sn || -0.1388 0.0590 | 0.1994 0.0632 | 0.8655 | 0.1442 -1.2072 | 0.2777

Pb || -0.2220 0.0400 | 0.1733 0.0738 | 0.8700 | -0.1516 -1.1477 | 0.8055

TABLE IV. Hopping parameters, on-site energies, and spin-orbit coupling strength for the five-band TB model.
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