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ABSTRACT: A comparative analysis of the chemical bonding in the

Y,M;Sis (M = Mn—Cu, Tc—Pd, Re—Pt) intermetallic compounds is
presented, aiming at elucidating the chemical factors governing their
crystallization into tetragonal (tP40—Sc,Fe;Sis), monoclinic (mS40—
Lu,Co;Si), or orthorhombic (0I40—U,Co,Sis) structures. This study

provides the first comprehensive bonding investigation of Y,M;Sis Y Tc
compounds with M = Fe, Co, and Nij, each adopting one of the three n
structure types. Employing projected crystal orbital Hamilton population —

curves (pCOHP), integrated pCOHP (IpCOHP), and integrated crystal (MSi,
orbital bond index (ICOBI) analyses, the bonding scenario is revealed to MM

be primarily dominated by polar covalent M—Si interactions, followed by

Y—Si, with Si—Si bonds playing a secondary role. This highlights a bonding

picture more complex than that predicted by the Zintl concept. Extending

the analysis to all transition metals and prototypes, regardless of their

thermodynamic stability, allows for a systematic comparison of bonding in both stable and metastable configurations. The covalency
distribution within the unit cell, quantified as IpPCOHP%, exhibits periodic trends across the transition metal series, both along
periods and down groups. The maximization of M—Si IpPCOHP% emerges as the key chemical factor in stabilizing one structure type
over another, aligning with experimental observations.
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B INTRODUCTION

Intermetallic compounds constitute one of the largest classes
of inorganic materials,' characterized by a wide variety of
crystal structures and elemental combinations, often giving rise
to unique electronic structures and, consequently, distinctive
physical and chemical properties.”” While the former have
been extensively investigated and remain the focus of several

cases, the bonding analysis, primarily based on the crystal
orbital Hamilton population (COHP)* and its integrated
value (ICOHP), revealed a much more complex scenario than
predicted by a straightforward application of the Zintl
formalism. Indeed, the Pd—Si(Ge) contacts showed the
highest ICOHP values, followed by the homopolar Si(Ge)—
Si(Ge) contacts, with other previously overlooked interactions,

research groups, the latter have gained significant attention
only in recent years, particularly in the field of heterogeneous
catalysis.* "' This trend is also evident within the large RyM;Xs
family (R = rare earth metal/actinide, M = transition metal, X
= p-block element from groups 13 and 14), which comprises
more than 200 known rezpresentatives crystallizing in eight
different structure types.'”'” Superconductivity,"”'> Kondo
behavior,'%” giant magnetoresistance,18 and charge density
wave'” are just a few examples of the broad range of physical
properties, recently enriched by a strong potential for
topological phenomena.”® A detailed survey on R,M;X;
compounds was recently published in the Handbook on the
Physics and Chemistry of Rare Earth,"> where the lack of data on
their chemical bonding was highlighted. In fact, such results
were available only for La,Pd;Ge (0I40—U,Co,Sis; SG: Ibam,
No. 72),”" as part of our comprehensive investigation of the
R,Pd;Ge; series,”””” and were further complemented by a
chemical bonding analysis of La,Pd;Sis, the other endmember
of the complete La,Pd,(Si,Ge,_,) solid solution.”* In both
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such as La—Pd and La—Si(Ge), making significant contribu-
tions to the overall picture. Nevertheless, these results are
clearly insufficient to address a key challenge for R,M;Xj
compounds, as pointed out by Brown et al,'” understanding
the relationship between structure types and their bonding. In
other words, it uncovers the chemical factors that drive their
crystallization into a specific structure type. The subfamily of
the silicides (X = Si) represents a suitable playground for this
type of investigation, as they adopt different structures mainly
depending on the nature of the M metal. In particular, the
tP40-Sc,Fe,Sis structure (SG: P4/mnc, No. 128) is preferred
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with M elements from the Mn and Fe groups, whereas the
0I40-U,Co;Si; is preferred with M metals belonging to the Co
and Ni groups. The mS40-Lu,Co;Sis structure (SG: C2/¢, No.
15) is mainly adopted by a few representatives with M from the
Co group. This trend follows the valence electron count
(VEC), as values lower than S0 lead to the Sc,Fe;Sis-type,
while those higher than 53 typically stabilize the U,Co;Sis
structure. This is attributed to the fact that increasing the d-
electron counts, which corresponds to increasing VEC, results
in a gradual weakening of the M—M interactions, thereby
assigning a significant role to these bonds in determining the
structural preference.'” Nevertheless, the VEC is insufficient to
fully account for the observed structural preferences, making it
unsuitable for predictive purposes, thus requiring experimental
confirmation, as in the case of Lu,Co;Sis, first reported as
orthorhombic*® (0I40-U,Co3Sis type) and subsequently
revised as monoclinic’’ (mS40-Lu,Co;Sis type). Although it
is reasonable to assume a polymorphic transition between the
orthorhombic and monoclinic structures, given the existence of
a direct group—subgroup relationship (see Figure S1), such a
transition has so far been observed only for the Pr,Co;Ges
germanide.”® These findings suggest that the two structures are
stabilized by distinct bonding scenarios, despite their strong
structural similarities, thus requiring in-depth investigations
based on quantum—chemical methods.

Among all the R,M;Sis, we selected those with R =Y as they
have been reported with several transition metals M, making
this series suitable for a comparative analysis. The distribution
of their experimentally determined crystal structures across the
different transition metals is schematically summarized in
Figure 1.

9 10 11
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Figure 1. Distribution of the experimentally determined crystal
structures of Y,M;Si; compounds depending on the nature of
transition metal M.
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The tP40 structure (red in Fi%ure 1) is adopted when M
belongs to the Mn and Fe groups, "> ™" the mS40 is observed
with Co and Rh*”** (green), and the 0[40 with Ir and Ni’***
(blue). Despite Y,M,Sis silicides forming with many M
elements, no compounds have been reported so far with Tc,
Pd, Pt, or Cu group metals (white in Figure 1). Notably, while
Pd- and Pt-containing phases are known with early lanthanides,
R,Cu;,Sis has only been reported for R = Eu,** and no R,M;Sis
compounds have been obtained with M = Ag, Au. Therefore,

in this work, we focus on the Y,M;Si; (M = Mn—Cu, Tc—Pd,
Re—Pt) compounds.

In the present work, the results are presented in two separate
sections. In the first, we report the outcomes of the chemical
bonding analyses performed on Y,Fe;Sis;, Y,Co3Si5, and
Y,Ni;Sis, selected as representatives of the tP40-Sc,Fe;Sis,
mS840-Lu,Co;Sis, and 0I40-U,Co;Sis structure types, respec-
tively. In the second section, bonding data derived from the
calculated electronic structures of all selected Y,M;Sis
compounds (M = Mn—Cu, Tc—Pd, Re—Pt), each modeled
in the tP40, mS40, and oI40 structures, are presented and
analyzed to identify the chemical driving forces that govern
their structural preferences.

Computational Methods. All electronic DFT calculations
were performed using the Vienna Ab-initio Simulation Package
(VASP, version 5.4.4),36_40 with the Projector Augmented
Wave (PAW) method as first described by Blochl*' The
Perdew, Burke, and Ernzerhof (PBE)** exchange-correlation
functional within the generalized gradient approximation
(GGA) was employed. The energy cutoff for the plane waves
was set at 500 eV in all cases. The Brillouin zone was sampled
according to the Monkhorst—Pack*** scheme, using the
following k-point mesh for each investigated crystal structure:
10 X 8 X 14 (0I40), 8 X 8 X 14 (tP40), and 8 X 8 X 14
(mS40). A full structural relaxation, i.e., optimizing both
atomic positions and lattice parameters, was performed for all
three structural models across the compositions. The
computations were considered converged when the energy
differences between two iterative steps were below 1077 eV for
the electronic and 107> eV for the ionic relaxations. All
calculations, except for Y,Mn;Sis, were performed without spin
polarization, as they were experimentally found to be
superconductors or Pauli paramagnets.14’26’30’33’45’46 Since
Y,Mn;Sis displays a ferrimagnetic ground state (Ty = 96
K),29 spin polarization was included; however, no significant
differences in the chemical bonding results were found
compared to the nonmagnetic case. Once the electronic
structure of the materials was obtained, the plane-wave-based
wave functions were reconstructed using the local orbital basis
suite toward electronic structure reconstruction (LOBSTER,
version 5.0.0)*>*" 7% code. The projection from a delocalized
plane-wave-based wave function into localized atomic orbitals
was performed using the pbeVaspFit2015*® basis set, employ-
ing the recommended basis functions. Density-based effective
charges (according to Bader) were derived from the VASP
charge density output, as implemented in the Henkelman
and Lowdin charges were calculated using
LOBSTER directly from the wave function.*® This was
combined with wave function-based bonding indicators also
extracted by LOBSTER, namely the projected COHP
(pCOHP),”>*” and the crystal orbital bond index (COBI),*
with their integrated values (IpCOHP, ICOBI). The threshold
for including a selected interaction in the bonding analysis was
determined by defining coordination polyhedra for each
species based on the maximum gap method. Moreover, given
the large number of different types of bonds present in the
compounds, and the need to perform comparative analysis, the
cumulative integrated pCOHP/cell, and their corresponding
percentage values (ICOHP%) were evaluated and analyzed.
This follows a well-established approach proven to be suited
for conductin()g comparative bonding studies in intermetallic
compounds.’®"®® The pCOHP and COBI curves were
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visualized with the wxDragon®' program, and the structural
models were generated by means of the VESTA® software.

B RESULTS AND DISCUSSION

Chemical Bonding in Y,M;Si; (M = Fe, Co, Ni).
Y,Fe;Sis, Y,Co3Sis, and Y,Ni;Sis were selected for in-depth
chemical bonding analysis as representatives of the tP40-
Sc,Fe;Sis, mS40-Lu,Co5Sis, and 0I40-U,Co,Sig structures,
respectively. More details on their crystallographic data are
available in the Supporting Information (Tables S1—S3). In a
first approximation, the chemical bonding can be described by
applying the 8—N rule to the silicon sublattice. Assuming a
formal charge transfer from both yttrium and the M metals to
silicon and evaluating the presence of Si—Si covalent bonds
based on interatomic distances, electroneutrality is respected
for Y,Co;Sis and Y,Ni;Sis by the following ionic formula:
(Y3*),(M**),[(0b)Si*~][(2b)Si*"], (b = bonded). As shown in
Figure 2b,c, (2b)Si realizes infinite zigzag chains running
parallel to [001]. The same does not apply to Y,Fe,Sis (tP40),
given the occurrence of both (1b) and (2b)Si, which yield an
ionic formulation comprising excess electrons:
(Y**),(Fe**),[(1b)Si*7][(2b)Si*"], X 1le”. Increasing the
number of electrons formally transferred from iron, ie.,
assuming Fe®, would not help in fulfilling electroneutrality,
resulting in electron deficiency. As shown in Figure 2a, (1b)
and (2b) give rise to dumbbells and zigzag chains, respectively.

As already pointed out for several ternary rare-earth
tetrelides,”*™** including La,Pd;Ges and La,Pd;Sis,>"** these
formal pictures are insufficient to account for the much more
complex bonding scenario, which is generally characterized by
polar—covalent, rather than ionic, interactions between the
cationic and anionic partial structures. To provide a more
quantitative description, Table 1 presents calculated effective
charges (Q*F) according to the quantum theory of atoms in
molecules (QTAIM, left) and wave function-based Lowdin
charges (right), supporting this evidence (Table 1, left).

As expected, all charges are far smaller than regular oxidation
states, the usual phenomenon, because oxidation states are a
rather formal issue, alluding to heteroatomic electron
partitioning (on paper). Nonetheless, it is quite instructive
and a bit puzzling, too, that the atomic charge assignments
based either on the density (QTAIM, Bader approach) or on
the wave function (Lowdin), both derived from exactly the
same electronic ground state, arrive at different pictures, even
though both cationic and anionic entities exist in both. Within
QTAIM, the yttrium atom is the only cation, strongly charged
(ca. +1.5e), while both transition metals and silicon appear as
being anions, the transition metals even being more anionic
(-=0.7 + 0.3e) than Si (=02 + 0.2e). In the Lowdin
representation, one finds cationic transition metals (ca.
+0.46e) and anionic silicon (ca. —0.27e) in addition to
practically neutral yttrium. It would be most interesting to see
which of the two pictures is closer to an observable property,
e.g.,, a chemical shift as determined by NMR. The DOS curves
for all compounds show nonzero states at the Fermi level,
confirming their metallic nature (Figure 3). Moreover, the
Fermi level lies in a pseudogap for Y,Fe;Sis and Y,Ni;Sis
(Figure 3a,c), deeper for the former, and in a region of lower
DOS located between two relative maxima for Y,Co;Si
(Figure 3b).

The energy regions of the DOS dominated by the M states
(gray lines in Figure 3a—c) correspond to their 3d orbital
contributions. It is worth noting that as the d-electron count
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Figure 2. Crystal structures of (a) Y,Fe;Sis, (b) Y,Co;Sis, and (c)
Y,Ni;Sis selected as representative for the tP40-Sc,Fe;Sis, mS40-
Lu,Co;Sis, and 0I40-U,Co;Sis types, respectively. Details on the Si-
based polyanions, deduced according to interatomic distances, as well
as the mutual coordination between Si and M are also provided.

Table 1. QTAIM Effective Charges for Each Constituent
Atom Q of the Y,M,Si; (M = Fe, Co, Ni) Compounds and
the Corresponding Lowdin Charges from the Wave
Function

QF (Q) Lowdin charge ()
Y M Si Y M Si
Y,Fe;Sig +1.47 -0.37 —0.36 —0.06 +0.40 —-0.22
Y,Co;Sis +1.52 —-0.78 —0.14 0.00 +0.42 -0.25
Y,Ni;Sig +1.53 —0.98 —0.09 +0.02 +0.56 —0.34
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Figure 3. DOS (a—c) in units of (cell-eV)™' and pCOHP in units of
(cell)™ (d—i) curves for the Y,Fe;Sis (tP40), Y,Co,Sis (mS40), and
Y,Ni;Sis (0I40). To enable a better view, the pCOHP curves are also
reported in the range from —$ to 1 eV (g—i). The Fermi energy is set
at 0 eV. The Y=Y pCOHP curves are not shown due to their low
values, which hinder clear visualization.

increases, the d-bands shift toward lower energies with a
narrowing of their bandwidth, suggesting a gradual reduction
in the extent of M involvement in covalent interactions. The Si
3s and 3p levels (light gray lines in Figure 3a—c) contribute to
the region from about —12 to —6 eV, and from —6 eV to Eg,
respectively. The latter shows a significant energetic overlap
with the 3d M levels, supporting the covalent nature of the Si—
M bonds. The Y states are dispersed over the entire considered
energy range (dark gray lines in Figure 3a—c) with
contributions from its 4d, particularly in the vicinity of Ef,
supporting its partial ionization.

Focusing on the pCOHP curves (Figure 3d—i), it is
noteworthy that despite structural differences, they all show
similar trends. The pCOHP related to Si—Si interactions is
predominantly bonding up to approximately —3 eV, resulting

in integrated cumulative values (—IpCOHP, see Table 2)
ranging from about 66 to 74 eV/cell. The values of IpPCOHP

Table 2. Cumulative Integrated pCOHP (IpCOHP/cell)
and Their Percentages to the Net Bonding Capacities
(IpCOHP%/cell) for Each Type of Interaction within the
Analyzed Compounds

—IpCOHP (eV/cell) IpCOHP%/cell
Y,M;Sis Fe Co Ni Fe Co Ni
M-M 4.55 1.67 091 135 0.53 0.29
M-Si 114.94 99.78 85.33 34.01 31.53 2747
Si—Si 65.67 69.83 74.26 19.43 22.07 23.90
M-=Y 26.67 29.11 24.19 7.89 9.20 7.79
Y-Si 121.36 112.86 123.02 3591 35.66 39.60
Y-Y 4.77 3.19 2.96 141 1.01 0.95

per bond are listed in Table S4. This supports the covalent
nature of these interactions and aligns with the previously
presented formal description.

At this point, it is worth underlining that within a Zintl
framework, where covalent bonding occurs exclusively among
Si atoms and ionic interactions take place between the Si
substructure and the metal cations, the M—Si and Y-Si
pCOHP curves would be expected to display narrow bands
with low —IpCOHP."” As is clear from both Figure 3 and
Table 2, this is not the case for the systems under investigation
in this article. That being said, the numerical finding does not
question the simplistic Zintl picture but emphasizes its model-
like concept.

The M—Si curves (Figure 3g—i, dark green) switch from
bonding to antibonding near Ep. The energy at which these
transitions occur gradually decreases from Fe (—1.0 eV) to Ni
(—2.5 eV), correlated with the increasing d-electron count. It
may also be noted that this bonding—antibonding crossover
coincides with the peaks in the pCOHP curves of the M—Y
interactions (Figure 3g—i, purple) and in the DOS,
corresponding to the half-filling of the d shell. The pCOHP
of the Y—Si curves, contrary to the M—Si ones, are bonding up
to Ep and above (Figure 3g—i, light green), clearly indicating
the active involvement of Y in the chemical bonding, a feature
also observed in other rare-earth ternary intermetal-
lics.”"**%%%7 Moreover, the Y=Si curves are the only ones
featuring significant bonding contributions at E, compensating
for the antibonding M—Si ones. Interestingly, the —IpCOHP
for the Y—Si displays the largest values (>113 eV/cell), while
the M—Si, which is second in the ranking of —IpCOHP,
decreases from about 115 to 85 eV/cell with increasing the
number of d electrons (—IpCOHP(M—Si): M = Fe > Co >
Ni). The Y-M, M—M, and Y-Y interactions contribute
considerably less to the overall bonding scenario. Nevertheless,
although weak, Y—M and Fe—Fe support covalent interactions.
To give additional insights, this bonding study is further
complemented by the analysis of the ICOBI values (Figure 4),
which enables a more accurate description of the nature of
each interaction in terms of bond order. Note that ICOBI is
the periodic equivalent of the Wiberg—Mayer bond order
derived from the wave function, 1 for H-H, 1.5 for an
aromatic C—C bond, 2 for O=0, and 3 for N=N. Fractional
bond orders (just like for benzene) are normal in intermetallic
phases, the reason being the typical undersupply of electrons in
metallic systems.
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Figure 4. Crystal structures of the three studied compounds, viewed
along the c-axis. Colored sticks indicate different types of contacts, for
which both the distance ranges d(A) and the corresponding ICOBI
value ranges are reported. On the left side of each structure the Si
polyanionic networks are shown, along with their ICOBI values.
Dashed red lines indicate contacts that are not interpreted as covalent
bonds according to the Zintl model.

For all structures, the largest ICOBI are related to all
interactions, including silicon, i.e., Si—Si, Y=Si, and M—Si. The
ICOBI for Y—Si and M—Si exceed the values expected for
ionic interactions® also at quite long distances, e.g., for
Y,Fe,Si; ICOBI,_g(3.01 A) = 0.22 and ICOBI,_g(2.58 A) =
0.28, supporting the covalent character of these heteroatomic
polar covalent interactions. At this point, it is worth focusing
on the ICOBI for the Si—Si contacts. In all structures, the
highest ICOBI values correspond to the shortest Si—Si
distances, supporting the previously discussed partial struc-

tures: (2b)Si zi‘%zag chains (ICOBI(tP40)2#64, = 0.38,
ICOBI(mS40)347%,, = 0.41, and ICOBI(mS40)3%° &, = 0.4,
ICOBI(0I40)%1°&; = 0.48) and (1b)Si dumbbells in the tP40
modification (ICOBI(mS40)%324, = 0.29). These bonds were
previously introduced in Figure 2 and are presented again
using solid red sticks in Figure 4 (additional information is
available in Table S4). It is worth noting that these ICOBI;_g
values are smaller than those previously reported for other
ternary rare-earth silicides, i.e,, ICOBI;_g; of 0.72 and 0.66 in
Y,LiSi, and Sc,AlSi,.°® The obtained ICOBI for longer Si—Si
contacts (d > 2.52 A, see Table S4), indicated by dashed red
sticks in Figure 4, reveals a non-negligible covalent character.
Therefore, (1b)Si dumbbells and isolated (0b)Si atoms build
up infinite linear chains parallel to the c-axis (ICOBI-
(tP40)2°4, = 0.26, ICOBI(mS40)33*4, = 027, ICOBI-
(0140)33°¢, = 0.26), while the zigzag fragments may be
viewed as chains of silicon triangles sharing two vertices
(ICOBI(tP40)2714, = 0.27, ICOBI(mS40)2734, = 0.25,
ICOBI(OI40)§'§(1$1 = 0.23). To provide a comprehensive
description of the bonding scenario, interactions among the
metal species must also be considered, as previously
demonstrated for other ternary intermetallic tetrelides,
particularly those involving transition metals and rare-earth
elements. ICOBIy_,, are equal to 0.21 and 0.23 for the shortest
Y—Co and Y—Fe contacts, respectively, and decrease to 0.13
for Y—Ni (see Figure 4). This lowered ICOBI value for M
metals with increasing valence electron count is even more
pronounced for the M—M interactions, decreasing from
ICOBIg,_f.(2.71 A) = 0.24 to ICOBIy;_y;(2.80 A) = 0.05.
This trend reveals a declining tendency of the M metals to
covalently interact, both among themselves and with Y,
following the order: Fe > Co > Ni.

At this point, it is worth providing some additional
comments on the ICOBI values for the interactions under
consideration. Although these values indicate a significant
covalent character of the bonds, they never reach a bond order
of 1.0, which would typically be expected for homopolar
bonds, e.g., ICOBI._c for diamond.>® This behavior can be
ascribed both to ionic contributions, making several polar
covalent interactions, and to the delocalized nature of the
bonding in metallic compounds. To support this interpreta-
tion, several three-center ICOBI® were calculated for different
atomic triads (see Table $5).°° The results, which range from
approximately 0.046 to —0.031, indeed indicate a tendency
toward delocalized bonding, even though the effect is rather
small and certainly less decisive than the regular two-center
interactions.

Having discussed the nature of chemical bonding in
(tP40)Y,Fe;Sis, (mS40)Y,Co,Sis, and (0I40)Y,Ni,Sis, it is of
interest to extend the analysis to the other Y,M,Sis compounds
(M = Mn, Cu, Tc—Pd, Re—Pt), with particular attention
devoted to identifying the key chemical factors that influence
crystallization into a specific structure type depending on the
M metal. To this aim, IpPCOHP% proved particularly effective
and suitable for identifying trends as a function of both the M
metal and the crystal structure. As an example, the
corresponding results for the previously analyzed phases (M
= Fe, Co, Ni) are reported in Table 2. The trends observed,
including also the other M metals, are discussed in the
following section.

Extension of the Bonding Analysis to the Y,M;Sis (M
= Mn—Cu, Tc—Pd, Re—Pt) Series. Total energies obtained
after structural relaxations for the Y,M;Sis compounds (M =
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Figure S. IpPCOHP% vs transition metal (M), ordered by period. The type of interaction considered is indicated in the top-right corner of each
panel. Dark red, light blue, and green dots correspond to the data for the tP40, 0140, and mS40 structure types, respectively. The segmented lines

serve as eye guides to highlight trends as M varies.

Mn—Cu, Tc—Pd, Re—Pt) show that the tP40 structure is the
most stable for Mn and Fe groups, mS40 for the Co group, and
0I40 for the Ni group and Cu. Interestingly, for M = Mn—Nij,
Ru, Rh, and Re—Ir, the lowest energy structures agree with
those experimentally found (see Figure 1). While no
information is available on the existence of Y,M;Si; with M
= Tc, Pt, and Cu, recent investigations 6perf0rmed in our group
reveal that Y,Pd,Si; does not form.”” The (mS40)Y,M;Sis
structure is retained upon relaxation only for M = Os, Co, and
Rh, as in the other cases, it transforms into the 0I40 type, a
transition facilitated by the direct group—subgroup relationship
between the two structures (see Figure S1).”

However, to highlight trends as a function of both the crystal
structure and M, quantum—chemical calculations and analyses
were performed for all obtained structures, including those not
thermodynamically stable (Table S4). As anticipated, [pCOHP
% proved particularly suitable for this purpose.

The periodic nature of the IpCOHP% for each type of
interaction, across both groups and periods, is clearly visible in
Figures S and S2.

The largest IpPCOHP% values are associated with the M—Sij,
Y—Si, and Si—Si interactions, with the first two always
exceeding 20%, and the latter remaining above approximately
15%. These are followed by IpCOHP%(Y—M) with values
ranging between about 11 and 6%. The lowest contributions to
the overall bonding capacities come from the homoatomic
metal—metal interactions, i.e., M—M and Y—Y, with the latter
falling below 2%.

While IpPCOHP%(Y—Y) does not exhibit significant trends,
despite a slight decrease within the group, these interactions
can be neglected due to their particularly low contributions.
The IpCOHP%(M—M) is always larger for the tP40
modification, due to the more covalent contribution of the
M1—M1 (Table S4) bonds in this structure. Moreover, they
clearly decrease along the period due to the gradual filling of

the d orbitals and the resulting d—d electronic repulsion.
Unlike the M—M interactions, the Y—M IpCOHP% values are
higher in the 0I40 and mS40 structures than in the tP40,
although they also decrease across the period. This trend
supports previous findings (Figure 3g—i, purple): the variation
in the number of M electrons influences the filling of bonding
and antibonding states, and consequently, the strength of the
Y—M bond.

The IpCOHP%(Y—Si) increases along the period and
decreases down the group (Figures S and S2), despite the
nondirect participation of the transition element in these
interactions. Here, a different number of valence electrons with
a smaller atomic radius of the M elements stabilizes the
interactions between yttrium and silicon (Figure S3).

The Si—Si and M—Si IpCOHP% display opposite trends
(Figure S): while the former increases along the period, the
latter decreases. The M—Si pCOHP curves show antibonding
states above Ep that are gradually filled as the number of M
valence electrons increases, thereby weakening the M-Si
interactions. At the same time, Si becomes less prone to
delocalize its electrons toward M, making these electrons more
available to stabilize Si—Si bonds.

An interesting conclusion that can be drawn from these
trends is that chemical bonding in the Y,M;Si; compounds is
more strongly influenced by the nature of the constituent
elements than by the adopted crystal structure. This is
evidenced by the larger variations in IpCOHP% observed
when changing the transition metal M, compared to those
resulting from structural modifications.

In this context, it is worth noting that IpCOHP%(M—Si) are
the only quantities displaying significant trend variations as a
function of both the transition metal M and the crystal
structure. Therefore, a correlation between IpCOHP%(M—Si)
values and the structural preference for a given composition
has been identified, as illustrated in Figure 6.
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Figure 6. IpPCOHP% vs transition metal (M), ordered by periods, for
the M—Si interactions within each considered crystal structure. Red,
green, and blue circles indicate data corresponding to the P40, mS40,
and 0I40 structure types, respectively. The black line serves as a visual
guide connecting the points with the highest IpPCOHP% values for
each M element. The shaded areas highlight the most stable crystal
structure identified for each M.

In particular, the crystal structures identified as the most
stable based on total energy calculations correspond to those
exhibiting the highest IpCOHP% values for the M—Si bonds.
This trend is illustrated in Figure 6 and is clearly visible by
following the black line, which connects the highest IpCOHP%
values for each M. It is worth reminding ourselves that total
energy predictions are always consistent with experimental
data, when available. This finding suggests that M-Si
interactions play a dominant role in determining the
crystallization into a specific structure type depending on the
M metal.

B CONCLUSIONS

In this work, a quantum—chemical approach was employed to
investigate the chemical bonding for the Y,M;Sis (M = Mn—
Cu, Tc—Pd, and Re—Pt) series, belonging to the broader
R,M;X; family of intermetallic compounds. This study
provides the first detailed bonding description for Y,M;Sis
compounds (M = Fe, Co, Ni) crystallizing in three distinct but
symmetry-related structure types. Through the combined use
of —pCOHP curves, IpCOHP and ICOBI values, and Léwdin/
QTAIM charges, the complex and mixed nature of the
numerous bonding interactions was revealed. In particular,
although the presence of covalent Si—Si bonds was confirmed,
these were not found to be predominant, emphasizing the
limitations of applying a Zintl-type formalism to these systems.
Instead, the bonding scenario is dominated by polar covalent
M-=Si interactions, followed by the Y—Si, along with evidence
of rather weak delocalized bonding from ICOBI® values.
Additionally, non-negligible covalent character was also
identified for the shortest Y—M and M—M contacts. The
analysis was extended to the full Y,M,Si; (M = Mn—Cu, Tc—
Pd, Re—Pt) series by simulating each composition in all three
structure types regardless of their thermodynamic stability.
This allowed for a comparative bonding analysis between
stable and unstable configurations, enabling the identification
of structure—bonding relationships. This has been achieved by
comparing the IpPCOHP% values for each type of interaction,
highlighting their periodic trends across the transition metal
series. The key finding of this analysis is that for each
composition, the most stable crystal structure corresponds to

the one exhibiting the highest IpPCOHP% for the M—Si bonds,
highlighting the dominant role of M—Si interactions. Finally,
the chemical bonding investigations performed in this study
will serve as a basis for future investigations of other R,M;Xj
compounds, particularly those involving different rare-earth or
tetrel elements, particularly where different structures occur
within the same series or where CDW-like transitions are
encountered. These insights will contribute to deepening our
understanding of the broader connection between the
established bonding scenarios and both the chemical and
physical properties of these materials.
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