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We report a first-principles density functional theory study employing a modified Becke—Johnson poten-
tial of the quaternary Heusler alloys FeCrRuSi and FeCrRuP crystallizing in the Y-type (I) structure.
At its equilibrium lattice parameters, FeCrRuSi is predicted to be a semiconducting antiferromagnet,
exhibiting an indirect band gap of ~ 0.69 eV in both spin channels, with the Fermi level located
just above the valence-band maximum, indicative of weak n-type character. In sharp contrast, FeCr-
RuP displays robust half-metallic ferromagnetism, characterized by a metallic majority-spin channel
and a minority-spin indirect gap of ~ 0.72 €V, resulting in 100% spin polarization at the Fermi level.
This pronounced change in electronic and magnetic behavior is attributed to a weakening of the d—p
hybridization induced by the Z-site substitution. Replacing Si with P leads to a slight lattice expan-
sion, reducing the covalent interactions between the main-group p states and the transition-metal d
orbitals. Projected density-of-states analyses reveal that the minority-spin gap in FeCrRuP originates
from strong hybridization between P 3p states and transition-metal d states, whereas FeCrRuSi shows
a more balanced p—d contribution, consistent with antiferromagnetic order. These results demonstrate
that Z-site substitution is an effective route to engineer magnetic order and half-metallicity, identifying
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FeCrRuP as a promising candidate for spintronic applications.
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1. Introduction

The continuous advancement of multifunctional
devices in electronics, magnetism, semiconductors,
and spintronics necessitates the discovery and devel-
opment of novel materials that exhibit a broad spec-
trum of tunable physical properties. In this context,
quaternary Heusler alloys (QHASs) with the general
chemical formula XX’YZ, where Z is a main-group
element and X, X’, and Y are transition metals,
have emerged as particularly promising candidates.
Due to their flexible atomic arrangements, diverse
chemical compositions, and rich electronic config-
urations, QHAs exhibit a wide range of remark-
able functional characteristics, including high spin
polarization, tunable band gaps, robust ferromag-
netism, and good structural stability. These features
make the quaternary Heusler alloys highly attrac-
tive for next-generation spintronic, thermoelectric,
and multifunctional electronic applications [1-5].

First-principles density functional theory (DFT)
has proven to be a powerful and reliable approach
for predicting and understanding the structural,
electronic, magnetic, and transport properties of
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Heusler-type materials. In particular, Saidi et al. [6]
conducted a comprehensive DFT study of full-
Heusler X,TaSi alloys using the full-potential lin-
earized augmented plane wave (FP-LAPW) method
combined with the Tran—Blaha modified Becke—
Johnson (TB-mBJ) exchange—correlation potential,
revealing half-metallic ferromagnetic behaviour and
providing detailed insight into the electronic struc-
tures. Similarly, Addou et al. [7] employed FP-
LAPW calculations to investigate the structural,
electronic, optical, and thermoelectric properties
of half-Heusler XPdBi compounds, demonstrating
the strong predictive capability of first-principles
methods to accurately describe both electronic and
transport characteristics.

Further studies emphasize the broad versatility
of Heusler-family compounds. Czarnacka et al. [8]
examined the structural and magnetic properties
of full-Heusler Fe,CrSi and CogFeAl alloys using
Maossbauer spectroscopy, confirming the structural
stability and long-range magnetic ordering of these
alloys. In addition, Raj et al. [9] explored the ther-
moelectric performance of Heusler-based systems,
highlighting their potential in efficient energy con-
version applications.
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Because of their unique ability to host half-
metallic or spin-gapless semiconducting behaviour,
quaternary Heusler compounds enable nearly 100%
spin-polarized currents, high Curie temperatures,
and magnetic moments that obey the Slater—
Pauling rule; these are in fact key requirements
for magnetic tunnel junctions, spin injectors, and
magnetoresistive sensors [10-12]. The versatile elec-
tronic structures of QHA can be finely tailored
by selective substitution at any of the X, Y, or Z
atomic sites, allowing precise engineering of elec-
tronic, magnetic, and transport characteristics to
optimize device performance [13-16].

Structurally, QHAs crystallize in the LiMgPdSn-
type (Y-type) structure with cubic space group
F43m (no. 216), where the transition metals from
the 3d, 4d, and 5d series occupy distinct Wyckoff
positions. Such chemical ordering enables the stabi-
lization of half-metallicity and large magnetic mo-
ments through strong d—d and d—p hybridization ef-
fects [17]. Notably, the integration of heavy 4d/5d
elements enhances the spin—orbit coupling, thereby
influencing the magneto—electronic behaviour and
anisotropy.

In addition to their established spintronic perfor-
mance, Heusler compounds have recently emerged
as efficient thermoelectric materials, owing to their
inherently low lattice thermal conductivity and high
power factors [18, 19]. Their relatively complex
crystalline structures, incorporating heavy atoms
with diverse masses, promote phonon scattering
and reduce lattice heat transport. The figure of
merit (ZT), a critical indicator of thermoelectric
efficiency, can thus be enhanced by tuning the
electronic band structure and defect engineering.
Consequently, rational substitution of constituent
atoms, such as replacing Si with P in FeCrRuZ
(Z = Si, P), provides a powerful means to simulta-
neously optimize electronic and phonon transport
properties for eco-friendly and high-efficiency ther-
moelectric applications [20-22].

Recent investigations have reported that Fe-
and Ru-based Heusler alloys exhibit stable half-
metallic behaviour and high spin polarization.
For instance, FeRuCrZ (where Z = Si, Ge) and
CoFeMnSi are known to follow Slater-Pauling be-
haviour, presenting integer magnetic moments and
distinct semi-metallic gaps, both experimentally
and theoretically [21, 23]. Compounds such as
FeRhCrSi and FeCrRuSi further demonstrate me-
chanical and thermodynamic stability combined
with integer magnetic moments hallmarks of com-
plete spin polarization, and potential for practical
spintronic deployment [22—24]. However, in the case
of FeCrRuSi, Guo et al. [25] report a spin-gapless
semiconducting state assuming an ideal, fully or-
dered quaternary Heusler structure. While this
provides an important reference, the influence of
subtle atomic rearrangements and near-degenerate
configurations is not explicitly addressed. The
present work revisits this aspect to assess the
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stability of the predicted electronic character under
more realistic structural conditions.

In this work, we focus on the quaternary Heusler
alloys FeCrRuZ (where Z = Si, P), which uniquely
integrate a 3d element (Cr), renowned for its strong
exchange interactions, with a 4d element (Ru),
known for enhancing spin—orbit coupling and elec-
tronic complexity. The substitution between Si
(a metalloid) and P (a nonmetal) provides a con-
trolled mechanism to tune the Fermi-level electronic
states, thereby influencing both spintronic and ther-
moelectric behaviour. Despite their predicted half-
metallic or semi-metallic nature, these 3d—4d-based
Heuslers remain largely unexplored experimentally
and theoretically.

Therefore, this study employs first-principles den-
sity functional theory (DFT) to comprehensively
explore the structural, electronic, magnetic, and
thermoelectric transport properties of FeCrRuZ
alloys (where Z = Si, P). The findings provide
valuable insights into the interplay between crys-
tal chemistry, electronic structure, and transport
phenomena, offering guidance for the design of
new multifunctional materials suitable for next-
generation spintronic and energy conversion tech-
nologies.

2. Calculation methodology

The structural, electronic, and transport prop-
erties of the quaternary Heusler alloys FeCrRuSi
and FeCrRuP were systematically investigated us-
ing a first-principles DFT method implemented
in the WIEN2k code [26]. Structural optimiza-
tions were performed employing the Full-Potential
Linearized Augmented Plane Wave (FP-LAPW)
method within the Perdew—Burke—Ernzerhof gen-
eralized gradient approximation, revised for solids
(PBEsol-GGA) [27]. To accurately capture the elec-
tronic band structure and transport properties, the
Tran-Blaha modified Becke-Johnson (TB-mBJ)
exchange—correlation potential was applied [28].

The plane-wave basis set in the interstitial region
was determined by the cutoff parameter K., =
8.0/ Ry, where Ryt denotes the muffin-tin radius.
The chosen values of Ryt for Fe, Cr, Ru, Si, and
P were 2.22, 2.20, 2.30, 2.10, and 2.00 a.u., respec-
tively. Structural relaxations were carried out using
a dense mesh of 1000 irreducible k-points in the first
Brillouin zone, with self-consistent field (SCF) con-
vergence achieved when the total energy changed by
less than 1 x 107° eV /atom. Thermoelectric trans-
port coefficients were evaluated using the BoltzTraP
code [29], which solves the semi-classical Boltz-
mann transport equation in the constant relax-
ation time approximation (CRTA). Calculations
were performed on a fine 20000 k-point mesh, as-
suming a carrier concentration of 10?2 cm~2 for
temperatures of 300, 600, and 900 K.
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Fig. 1. Crystal structure of the Y-type (I) quater-
nary Heusler compounds FeRuCrX (X = Si, P).

TABLE I

Optimized crystal structures and corresponding
Wyckoff atomic positions for quaternary Heusler al-
loys FeCrRuX (X = Si, P).

Type Wyckoff atomic positions
4a 4c 4b 4d
0,00) | (3:3.9) | (5:3:5) | 3.4 3
Y-I Fe Cr Ru Si/P
Y-II Fe Ru Cr Si/P
Y-IIT Cr Fe Ru Si/P

This methodology ensures a reliable and high-
precision description of both the ground-state prop-
erties and the temperature-dependent transport be-
haviour of these quaternary Heusler alloys.

3. Results and discussions

3.1. Structural properties

The quaternary Heusler alloys FeCrRuSi and Fe-
CrRuP crystallize in the LiMgPdSn-type (Y-type)
structure with the space group F43m (no. 216), as
shown in Fig. 1. This structure allows three dis-
tinct atomic configurations: Y-I, Y-II, and Y-III;
they differ by the specific occupation of the four
Wyckoff positions (4a, 4b, 4c, 4d). The atomic con-
figurations used in this study are summarized in
Table 1.

Because even small deviations from the structural
order can significantly modify the electronic, mag-
netic, and transport properties [4], full structural
optimization was performed for all possible Y-type
variants. The optimization process was conducted
by varying the unit-cell volume to minimize the
total energy, thereby determining the equilibrium
lattice constant, bulk modulus, and ground-state
phase of each alloy. Calculations were carried out
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within the spin-polarized GGA-PBE formalism [27],
and the resulting total-energy versus volume curves
are presented in Fig. 2a.

Among the three possible Y-type configurations,
Y-I exhibits the lowest total energy, indicating it as
the most stable structure for both FeCrRuSi and
FeCrRuP. The higher energies of the Y-II and Y-III
configurations are attributed to unfavorable atomic
exchanges that disturb the local chemical order [16].

To verify the magnetic ground state, the total
energies of the configurations:

e non-magnetic (NM) — all atomic spins are
constrained to zero);

e ferromagnetic (FM) — all atomic spins align
parallel in all sublattices);

e ferrimagnetic (FiM) — spins align antiparal-
lel between sublattices, but with unequal mo-
ments, giving a non-zero total moment; and

e antiferromagnetic (AFM) — spins align an-
tiparallel with equal magnitude, giving a total
moment of zero (fully compensated);

were calculated as a function of volume. The
energy—volume relations shown in Fig. 2b reveal
that the FM configuration is the most stable for
FeCrRuP, whereas FeCrRuSi favors AFM ordering
along the (111) direction. The equilibrium parame-
ters were extracted by fitting the Birch-Murnaghan
equation of state [30].

The optimized lattice constants were found to
be a = 5.720 A for FeCrRuSi and a = 5.702 A for
FeCrRuP (Table II), indicating a slightly larger lat-
tice parameter for the Si-based compound, consis-
tent with the larger covalent radius of Si compared
to P. Similar trends have been reported for other
quaternary Heusler systems, where substitution of
main-group elements with larger atomic radii leads
to the lattice expansion and a reduced bulk modu-
lus [31-33].

No experimental data are yet available for
FeCrRuSi and FeCrRuP; however, the computed re-
sults are in excellent agreement with first-principles
predictions for related Heusler compounds based on
Ru and Fe-Cr [16, 34, 35]. These findings confirm
the structural stability of the LiMgPdSn-type phase
and the reliability of the computational approach
employed in this work.

3.2. Chemical stability

To assess the chemical stability of the quaternary
Heusler compounds FeCrRuSi and FeCrRuP, both
the cohesive energy and formation enthalpy were
computed. These energetic parameters provide fun-
damental insights into the thermodynamic feasibil-
ity and bonding strength of materials.

The cohesive energy FEc,, quantifies the energy
required to dissociate a compound into its iso-
lated constituent atoms, thus representing the over-
all strength of interatomic bonds within the crystal
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Fig. 2.

lattice. Conversely, the formation enthalpy AH”
measures the energy change accompanying the syn-
thesis of a compound from its most stable elemental
phases under standard conditions. These quantities
are calculated per formula unit according to the fol-
lowing relations

B = Biot = (Eftum+ B+ Etom+ Enttm)
(1)
F (f.u. e r
AH FC(CrR?JSi/P = Eiot — Eliia — ESiia
u Si/P
—ERf — Esol/id' (2)

Here, E,,; denotes the total energy of the unit
cell; E% .., are the total energies of the isolated
atoms (x = Fe, Cr, Ru, Si, P) in their free states;
and EZ ., represent the per-atom energies of the
corresponding elements in their most stable crys-
talline forms. All calculations were performed us-
ing spin-polarized configurations to ensure accurate
electronic occupation of the atomic states.

The computed values of cohesive energies and
formation enthalpies are summarized in Table II.
Both obtained values (Econ = —22.45 €V and
AHY = —1.87 6V for FeCrRuSi; Ecop = —25.28 6V
and AH" = —2.68 eV for FeCrRuP) are negative,
indicating that the formation processes are exother-
mic. In other words, energy is released during

the formation of these compounds, suggesting that
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Total energy as a function of unit-cell volume for (a-b) FeCrRuSi and (c—-d) FeCrRuP alloys.

the interatomic bonds are energetically favorable
and that the systems are thermodynamically sta-
ble. Our results are consistent with previous first-
principles investigations of Heusler-type systems,
where similarly negative formation energies were re-
ported, confirming robust thermodynamic stability
and strong covalent—metallic bonding characteris-
tics [22, 36].

3.3. Mechanical stability

The mechanical properties of the quaternary
Heusler compounds FeCrRuZ (Z = Si, P) were
systematically evaluated by first-principles density
functional theory (DFT) calculations, with the de-
rived elastic constants and moduli summarized in
Table III. The computed elastic tensors are positive
definite and fully satisfy the Born—Huang mechan-
ical stability criteria for cubic systems formulated
by Mouhat and Coudert [37]. The bulk moduli B of
271 GPa for FeCrRuSi and 245 GPa for FeCrRuP
indicate substantial resistance to isotropic compres-
sion, reflecting the robust interatomic bonding net-
works inherent to these alloys. The slightly higher B
value for FeCrRuSi correlates with its reduced lat-
tice constant and increased charge-density overlap
between transition-metal and main-group atoms,
confirming stronger cohesive interactions.
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TABLE II

Calculated structural parameters of the quaternary Heusler alloys FeCrRuZ (where Z = Si, P) in different mag-
netic configurations, namely nonmagnetic (NM), ferromagnetic (FM), ferrimagnetic (FiM), and antiferromagnetic
(AFM) phases, together with the computed cohesive energies (Econ) and formation enthalpies (AHT).

Alloys Phase FEiot [Ry] a [A] By [GPa) B, Econ [eV] AHT [eV]
NM —14281.20 5695 279.84 3.49
5.735¢
. FM —14281.23 5'723 270.93 4.59
FeCrRuSi 5.76 —22.45 —1.87
FiM —14281.23 5122 270.92 4.77
5.76“
AFM —14281.23 5.72 272.81 5.06
NM —14385.16 5.672 276.87 4.98
FM —14385.20 5.701 272.58 4.67
FeCrRuP 5.796 —25.28 —2.68
FiM —14385.19 ' 244.92 5.04
5.74¢
AFM —14385.20 5.716 249.79 4.96
@Ref. [22]; *Ref. [33]; “Ref. [36].
The calculated Young’s moduli (E = 323 GPa TABLE III

for FeCrRuSi and F = 301 GPa for FeCrRuP)
suggest that FeCrRuSi possesses greater intrinsic
stiffness, though both compounds remain within
the typical stiffness regime of metallic Heusler sys-
tems (250-330 GPa). The bulk-to-shear modulus ra-
tios (B/G = 2.12-2.18) surpass the critical Pugh
threshold of 1.75, confirming the ductile nature and
suitability for mechanical processing or thin-film
growth without the risk of brittle failure. Poisson’s
ratios (v ~ 0.285-0.288) further corroborate metal-
lic bonding with a moderate degree of angular co-
valency. The computed Zener anisotropy factors
(~ 1.5) denote moderate elastic anisotropy, im-
plying directional dependence of shear deforma-
tion — a characteristic advantageous for strain
relaxation during epitaxial integration in spintronic
heterostructures.

Substituting Si with P leads to a discernible soft-
ening of the mechanical response, as reflected by
the ~ 9-10% reduction in the bulk modulus (B),
shear modulus (G), and Young’s modulus (E). This
softening is mainly governed by the larger covalent
radius of P and the consequent modification of the
p—d hybridization, rather than by electronegativity
effects, since P (2.19) is slightly more electroneg-
ative than Si (1.90). The altered orbital overlap
reduces bond stiffness while maintaining overall
elastic stability. Such chemically driven tuning of
mechanical properties offers an effective strategy
for optimizing lattice matching, alleviating internal
stresses, and enhancing strain tolerance in Heusler-
based device architectures.

These findings are in strong agreement with
the systematic trends described by Tie Yang
et al. [38], who established that the elastic response

~
~
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The summarized values of: elastic constants Cj;, bulk
modulus B, shear modulus G, Young modulus FE,
Poisson ratio v, Vickers hardness H, the universal
anisotropy index Ay, and the Zener anisotropy A.
(Units of these paramters are in GPa, except for v, A
and Ay).

FeCrRuSi FeCrRuP
Property
This work | Other works® | This work
Cn 382.0 361.1 356.0
Ci2 165.0 181.9 186.0
Cu 148.0 141.6 138.0
B 271.0 241.6 245.0
G 124.5 121.9 115.8
E 322.7 239.1 301.4
v 0.285 - 0.288
H 5.05 - 3.86
Ay 0.117 — 0.287
A 1.49 1.60 1.53
B/G 2.18 1.98 2.12
“Ref. [22]

in Heusler alloys scales with the bonding strength
and atomic size of the main-group element. Like-
wise, the predicted elastic stiffness for FeCrRuSi
closely aligns with the DFT values reported by
Wang et al. [22], with discrepancies confined to
the expected range of £10% due to methodological
and lattice-parameter variations. Collectively, the
combination of high stiffness (B = 250-270 GPa),
pronounced ductility (B/G > 2), and moderate
anisotropy underscores the mechanical resilience of
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FeCrRuSi and FeCrRuP. This establishes them as
promising candidates for spintronic and magneto—
electronic applications requiring exceptional struc-
tural robustness and strain-tolerant performance.

3.4. Magnetic properties

The magnetic behavior of quaternary Heusler al-
loys is a key factor determining their suitability
for spintronic and magneto—electronic applications,
since control of spin polarization and magnetic com-
pensation directly affect device performance. In the
present, investigation, the total and atomic mag-
netic moments of FeCrRuP and FeCrRuSi were
evaluated to elucidate their spin configurations and
electronic-magnetic correlations. The calculated to-
tal and atomic magnetic moments are summarized
in Table IV. The calculated total magnetic moment
of FeCrRuP is por ~ 3up per formula unit (e.g.,
FeCrRuP exhibits a FM alignment with ppe
+1.67ug, por ~ +1.25up, and pury =~ —0.05up, giv-
ing ~ 3up per formula unit), confirming a ferromag-
netic ground state and an integer moment consis-
tent with half-metallic ferromagnetism. In the FM
state of FeCrRuSi, the atomic magnetic moments
are ppe ~ +1.26up, pucr ~ +1.03up, and pur, ~
—0.31up, leading to a total moment close to 2up. In
contrast, in the AFM configuration, the Fe and Cr
sublattices reverse their spin orientations, resulting
in ppe =~ +1.22up, por = —1.22up, and pry ~ Oug.
This perfect compensation yields a net moment of
zero, indicating a transition toward a fully compen-
sated half-metallic ferrimagnetic state. Such mag-
netic behaviour perfectly obeys the Slater—Pauling
rule, My, = Zior — 24, which correlates the total
magnetic moment (My,;) with the total number of
valence electrons (Zy,;); this rule has been exten-
sively verified for half-metallic Heusler systems [39].

An additional factor contributing to the different
magnetic ground states of FeCrRuSi and FeCrRuP
is the valence-electron count, since P provides one
valence electron more than Si. This extra elec-
tron increases Zy,, leading to enhanced filling of
the transition-metal d states, particularly in the
majority-spin channel. As a result, the exchange
splitting is reinforced and the ferromagnetic align-
ment in FeCrRuP is stabilized, yielding an integer
magnetic moment in full agreement with the Slater—
Pauling rule. In contrast, the lower valence-electron
count in FeCrRuSi favors antiferromagnetic Fe-Cr
exchange interactions, resulting in a compensated
magnetic state.

Our computed moments are in excellent agree-
ment with previous first-principles predictions for
similar Ru-containing compounds. For example, Ma
et al. [36] reported a total magnetic moment for
FeRuCrP of 3up, confirming its half-metallic na-
ture and full compliance with the Slater—-Pauling
relation; likewise, Wang et at. [22] demonstrated

~
~
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TABLE IV

Calculated total (per formula unit) and atomic mag-
netic moments (ug) for the quaternary Heusler alloys
FeCrRuSi (AFM order) and FeCrRuP (FM order).

Alloys | pre | picr | URu | Bsi/p | Hint Htot
FeCrRuSi |1.26 |1.03 | —0.31| —0.01|0.09 | ~ 2.00
FeCrRuP |1.67|1.25|—0.05| 0.02 |0.12| ~ 3.00

that FeCrRuSi exhibits a 2up moment in the
ferromagnetic state with a minority-spin gap of
about 0.384 eV, arising from strong Fe-Cr-Ru
d—p hybridization. Comparable integer-moment be-
haviour has been observed in CoFeMnSi and
MnCrRuAl, confirming that the total moment is
primarily governed by the valence-electron count
and the exchange splitting between majority and
minority spin channels [13].

The incorporation of Ru, a 4d element, enhances
the delocalization of d electrons and strengthens
the exchange coupling between Fe and Cr sublat-
tices, stabilizing ferromagnetism while maintain-
ing high spin polarization, as also reported by
Bainsla et al. [21] for Ru-based Heuslers. The
zero-moment antiferromagnetic ground state pre-
dicted for FeCrRuSi places it in the same func-
tional class as experimentally realized compensated
ferrimagnetic Heuslers such as MnsRuXGa, which
exhibit vanishing macroscopic magnetization yet
retain complete spin polarization at the Fermi
level [40]. Such materials eliminate stray mag-
netic fields while allowing ultrafast spin dynam-
ics, making these materials ideal for antiferro-
magnetic spintronic memory and logic devices.
Therefore, the results obtained here confirm that
FeCrRuP behaves as a half-metallic ferromag-
net with a stable integer moment following the
Slater-Pauling rule, whereas FeCrRuSi undergoes
a ferromagnetic-to-compensated-antiferromagnetic
transition controlled by Fe-Cr exchange interac-
tions and Ru-mediated hybridization. This dual
magnetic nature, combining half-metallicity and
magnetic compensation, highlights the technologi-
cal potential of FeCrRuSi as a prototype compound
for next-generation low-stray-field and energy-
efficient spintronic architectures.

3.5. Electronic properties

We computed the spin-polarized electronic band
structures and density of states (DOS) of the qua-
ternary Heusler alloys FeCrRuSi and FeCrRuP
using the modified Becke-Johnson (TB-mBJ) po-
tential at their respective equilibrium lattice param-
eters in the Y-type (I) configuration. Although both
compounds crystallize with the same symmetry,
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their electronic and magnetic ground states differ
sharply, depending on whether the main-group ele-
ment is Si or P — this distinction strongly influences
lattice constant, orbital overlap, and the strength of
the d—p hybridization.

In the case of FeCrRuSi, the dispersion in the
spin-up and spin-down bands is nearly symmetric.
In both spin channels, we found an indirect band
gap of approximately 0.69 eV along the I'-N direc-
tion. The Fermi level lies just above the valence-
band maximum (VBM), implying weak n-type be-
haviour and confirming a semiconducting antifer-
romagnetic (SC-AFM) ground state. Neither spin
channel exhibits metallic behaviour, clearly distin-
guishing FeCrRuSi from its phosphide analog.

In contrast, FeCrRuP exhibits a markedly asym-
metric spin-resolved band structure (Fig. 3). The
majority-spin (1) channel is metallic, with multi-
ple bands crossing the Fermi level (Ey), whereas
the minority-spin (}) channel shows an indirect
band gap of roughly 0.72 eV along the I'-W path.
This strong spin asymmetry is the hallmark of half-
metallicity, classifying FeCrRuP as a half-metallic
ferromagnet (HM-FM), in full agreement with the
classical half-metallic Heusler model first intro-
duced by de Groot et al. [12] (1983), and later
validated in numerous quaternary Heusler com-
pounds [13].
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The transition in electronic behavior induced by
Z-site substitution (Si — P) can be rationalized
by orbital hybridization arguments. Although P
has a smaller atomic radius than Si, replacing Si
with P paradoxically slightly expands the lattice.
This expansion arises from weaker bonding and
reduced covalency, which in turn reduces d—p hy-
bridization between the transition-metal (Fe, Cr,
Ru) d states and the main-group p states. Conse-
quently, in FeCrRuP, the majority-spin conduction
bands become sufficiently delocalized to cross the
Fermi energy Eg, while the minority-spin channel
retains a finite gap. This mechanism, which un-
derlies the emergence of half-metallicity, parallels
trends observed in other quaternary Heusler alloys
(see, e.g., Ram et al. [41] (2020)).

The total and projected DOS (Fig. 4) further elu-
cidate these behaviors. In FeCrRuP, the minority-
spin gap stems from hybridization between P-3p
orbital and Fe/Cr/Ru-d orbital. Meanwhile, the
metallic majority-spin states at Er are dominated
by contributions from Fe-3d, Cr-3d, and Ru-4d. In
the bonding region between —2 and —1 eV (be-
low Er), strong d-d coupling among the transi-
tion metals prevails; above Ew (around +0.8 €V),
antibonding d—p interactions enhance delocaliza-
tion and help stabilize ferromagnetism. This dis-
tribution with bonding d-d states below and
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Spin-polarized density of states (DOS) for FeCrRuSi (a) and FeCrRuP (b) alloys, calculated using

the TB-mBJ approximation. The Fermi level is fixed at 0 eV.

antibonding states d—p above FEp typifies half-
metallic Heuslers (e.g., Ghosh et al. [42] (2019)).

In the case of FeCrRuSi, DOS analysis reveals
that the conduction band is primarily composed of
Si-3p and Ru-4d orbitals, while the valence band is
dominated by Fe-3d and Cr-3d states. The reduced
d—p coupling correlates with the larger band gap
and semiconducting behaviour. Near the valence-
band maximum, the dominant contributions arise
mainly from the Fe-1 and Cr-1 states, while the
states Fe-2 and Cr-2 are shifted towards lower ener-
gies, consistent with the exchange splitting charac-
teristic of the antiferromagnetic ordering. The two
inequivalent Si sites (Si-1 and Si-2) provide comple-
mentary p-state contribution near the conduction-
band minimum (CBM), promoting structural sta-
bility and charge homogeneity — a feature also ob-
served in Heusler semiconductors such as CoFeMnSi
(see Xu et al. [43] (2013)).

Taken together, a comparison between FeCrRuP
and FeCrRuSi reveals a clear electronic-magnetic
phase transition driven by substitution at the Z site.
As the p orbital of the main-group element becomes
more localized (when going from Si to P), the p—d
hybridization weakens, the band gap closes in a sin-
gle spin channel, and concomitantly metallicity ap-
pears, and the material transitions from an antifer-
romagnetic to a ferromagnetic state. This tunability
via chemical substitution provides a design principle
for tailoring the spintronic functionality of quater-
nary Heusler compounds [44].
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From an application perspective, FeCrRuP —
with its full spin polarization and metallic be-
haviour in the majority-spin channel — is a com-
pelling candidate for magnetic tunnel junctions
and spin-filter devices. Meanwhile, FeCrRuSi, due
to its semiconducting nature and spin-resolved
band topology, may be exploited in spin-gapless
semiconductors or magnetoresistive sensors. Over-
all, the strong interplay among lattice parameters,
electronic configuration, and magnetic ordering in
FeCrRuZ (Z = P, Si) underscores the broader rele-
vance of d—p hybridization engineering in the ratio-
nal design of Heusler alloys.

Finally, comparing our calculated gaps with pre-
vious first-principles studies reveals important dis-
tinctions. For FeCrRuP, previous GGA+PBEsol
calculations reported a minority-spin indirect gap
of ~0.354 eV (Ma et al. [36] (2017)), whereas
our TB-mBJ-based results yield =~ 0.72 eV. For
FeCrRuSi, earlier GGA+PBEsol calculations gave
a gap of around 0.40 €V in both spins, and even
reported half-metallicity with a metallic majority
channel and a gap of 0.384 ¢V (Wang et al. [22]
(2017)). In contrast, our GGA+TB-mBJ results
give a gap of ~ 0.693 eV, indicating semiconducting
behaviour. These discrepancies highlight how subtle
differences, such as atomic ordering, equilibrium lat-
tice constant, or the choice of exchange—correlation
functional, can significantly influence not just the
magnitude of the gap but the fundamental spin-
dependent character of quaternary Heusler systems.
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Fig. 5.
FeCrRuP. (b, d) 2D ELF cross-sectional maps.

3.6. Electron localization function (ELF)

The electron localization function (ELF) provides
a quantitative description of electron pairing and lo-
calization in solids, reflecting the influence of the
Pauli exclusion principle. Originally proposed by
Becke and Edgecombe, ELF estimates the likeli-
hood of finding two electrons with parallel spins in
close proximity, thereby offering a clear representa-
tion of the electronic structure and chemical bond-
ing in materials [45]. Subsequent developments by
Savin et al. [46] and Fuster et al. [47] extended the
utility of EFT to complex molecular and solid-state
systems, making it a reliable indicator of the bond-
ing character in metallic and covalent frameworks.

Figure 5a presents three-dimensional (3D) ELF
iso-surfaces (ELF = 0.4) for the FeCrRuSi and
FeCrRuP compounds, visualizing regions of elec-
tron localization. Two distinct areas of high
ELF values are observed — one oriented along
the vertical direction and another within the
crystallographic plane, revealing anisotropic elec-
tron distribution associated with different bonding
configurations.

The two-dimensional (2D) ELF maps shown
in Fig. 5b provide complementary insights into the
bonding nature. Strong electron localization is evi-
dent between transition-metal atoms (Fe, Cr, Ru),
which corresponds to metallic-type interactions ex-
tending into the interatomic regions. The ELF max-
ima in these regions (= 0.6-0.8) indicate the pres-
ence of delocalized metallic bonding. Furthermore,
noticeable p—d hybridization occurs between the
d orbitals of the transition metals and the p orbitals
of the main-group element Z (i.e., Si or P), giving
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(a, ¢) 3D ELF iso-surfaces (ELF = 0.4) showing the valence electron localization for FeCrRuSi and

rise to the formation of covalent and polar covalent
bonds. Around the Fe, Si, and P sites, ELF values
typically range from 0.7 to 0.9, signifying localized
electron density consistent with covalent character,
whereas in the Ru—Cr intermetallic regions, lower
ELF values (=~ 0.4-0.5) imply weaker localization
and partial metallic bonding.

The substitution of Si by P significantly in-
fluences the bonding nature. In FeCrRuSi, the
Si-Fe and Si-Cr interactions exhibit stronger co-
valent character due to the higher degree of sp?
hybridization and shorter bond distances associ-
ated with Si. Conversely, in FeCrRuP, P introduces
slightly more polar covalent bonding; its 3p orbitals
are more localized than those of Si, leading to re-
duced orbital overlap and, overall, a weaker covalent
interaction.

Additionally, differences in the electronegativity
among the constituent elements (i.e., 1.83 for Fe,
1.66 for Cr, 2.20 for Ru, 1.90 for Si, 2.19 for P)
introduce a minor ionic component to the bond-
ing framework, particularly between the transition-
metal atoms and the Z elements. This mixed
covalent—ionic-metallic character governs the over-
all electronic distribution and contributes to the
stability of both compounds.

3.7. Thermoelectric properties

Heusler compounds have recently attracted in-
creasing attention for thermoelectric applications
due to their high Seebeck coefficients, tunable car-
rier concentrations, and mechanical robustness [48].
Peculiar electronic states near the Fermi level, often
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influenced by intrinsic chemical disorder, offer an ef-
ficient way to tailor their thermoelectric behaviour.
To investigate these characteristics, the transport
coefficients, namely the Seebeck coefficient (.5),
electrical conductivity (o), electronic thermal con-
ductivity (ke), and the dimensionless figure of merit
(ZT), were evaluated using semi-classical Boltz-
mann transport theory within a constant relax-
ation time (7) approximation, as implemented in
the BoltzTraP2 code [26, 49].

The main transport quantities are defined as

- % & (%ﬁ)” )7y (o)’ (€—u)’(3)

o= e;/da (-‘Zﬁ) p(e)7 (&) v (&), (@)

where p(e) is the density of states (DOS), f(e) is
the Fermi-Dirac distribution, v(g) is the carrier ve-
locity, 7(¢) denotes the relaxation time, and p is the
chemical potential.

The dimensionless thermoelectric figure of merit
is expressed as

2
S¢o 5)
Ke + Ki
where k. and k; are the electronic and lattice con-
tributions to thermal conductivity, respectively. A
high values of S and o combined with a low total
thermal conductivity x are required to achieve su-
perior thermoelectric efficiency [48, 49].
Temperature-dependent and chemical potential-
dependent Seebeck coefficients for FeCrRuP and
FeCrRuSi were calculated at 300, 600, and 900 K
(Fig. 6). Both alloys exhibit similar overall trends
in the chemical potential range —2 < u < 2 eV. The
sign change of S distinguishes p-type conduction
(positive S) from n-type conduction (negative S).
The Seebeck coefficient reaches its maximum when
the chemical potential deviates slightly from the
Fermi level, indicating optimal charge—carrier asym-
metry near Ep.
At 300 K, the maximum values of S are

848.3 uV/K for FeCrRuP and 1106.2 pV/K
for FeCrRuSi, decreasing to 268.4 uV/K and
137.2 pV/K at 600 K, and to 90.5 1V /K at 900 K,
respectively. The higher S values in FeCrRuP result
from its narrower band gap, which enhances carrier
localization and energy filtering. As the tempera-
ture increases, S decreases due to enhanced bipolar
conduction and carrier excitation in the gap. Re-
markably, the obtained S values are an order of
magnitude higher than those reported for other qua-
ternary Heusler alloys [50-52], signifying strong po-
tential for thermoelectric applications.

Figure 7 shows the variation of the normal-
ized electrical conductivity (o/7) as a function of
u—Er for both alloys. FeCrRuP exhibits a broader
chemical potential region with negligible conduc-
tivity compared to FeCrRuSi, which reflects its
stronger semiconducting character. In the p-type

S

ZT =

T,
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~
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Fig. 6. Seebeck coefficient versus chemical poten-

tial for (a) FeCrRuSi and (b) FeCrRuP alloys, at
300, 600, and 900 K.

region, FeCrRuSi shows a more rapid increase in
conductivity than FeCrRuP, whereas in the n-type
region FeCrRuP dominates.

At 300 K, the maximum p-type conductivity
reaches 2.88 x 102° and 3.39 x 102 (Q m s)~!

at p=~—-115 and -1.12 eV for FeCrRuSi
and FeCrRuP, respectively. For n-type carri-
ers, the values are 1.76x 10 (@ m s)7!

(FeCrRuSi) and 4.11 x 10%° (2 m s)~! (FeCrRuP)
at = 1.31-1.37 V. The conductivity is nearly
temperature-independent, suggesting that the dom-
inant scattering mechanism remains unchanged
with heating. Overall, FeCrRuP exhibits enhanced
charge—carrier mobility in the n-type regime, under-
scoring its superior transport behaviour.

The thermoelectric efficiency is related inversely
to the thermal conductivity; thus, £ must remain
minimal. The total thermal conductivity is given
by
K = Ke + K,

(6)
where k. originates from charge carriers and ; from
phonons. Since BoltzTraP2 calculates only k., the
lattice term was not considered here.
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As depicted in Fig. 8, k. increases with temper-
ature and || for both compounds. At 300 K, k.
is nearly zero near the Fermi level in the p-type
region, but rises rapidly at higher values of |ul,
reaching 1.95 x 10'® and 2.61 x 10 W/(m K s)
for FeCrRuSi and FeCrRuP, respectively. Indeed,
ke /T increases monotonically in the n-type region
and does not exhibit a local maximum. FeCrRuSi
consistently exhibits lower k. values, indicating
superior phonon scattering and the potential for en-
hanced ZT. Notably, both alloys demonstrate sig-
nificantly reduced electronic thermal conductivity
ke compared to the Heusler systems described ear-
lier [21, 35].

The thermoelectric figure of merit ZT serves as
a direct measure of the material performance. Ma-
terials with Z7T > 1 are generally regarded as effi-
cient thermoelectrics [48]. Computed ZT (uT') pro-
files for FeCrRuP and FeCrRuSi (Fig. 9) reveal two
distinct peaks at 300 K. For FeCrRuSi, ZT reaches
0.37 and 0.23 at p© = 0.11 and 0.23 €V, respectively.
In contrast, FeCrRuP displays higher peaks of 0.93
and 0.89 at © = —0.03 and 0.14 eV, respectively.
With increasing temperature, Z7" decreases slightly
due to the increase in thermal conductivity.
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Fig. 8. Thermal conductivity versus chemical po-
tential for (a) FeCrRuSi and (b) FeCrRuP alloys,
at 300, 600, and 900 K.

Overall, FeCrRuP exhibits a superior thermoelec-
tric response, benefiting from a narrower band gap,
a higher Seebeck coefficient, and optimal electrical
transport. The performance of this alloy is compa-
rable to that of the recently reported high-efficiency
quaternary Heusler systems [53, 54|, which posi-
tions FeCrRuP as a promising candidate for next-
generation thermoelectric device applications, even
at room temperature.

4. Conclusions

In summary, our first-principles study using the
mBJ potential demonstrates that the substitution
at the Z site from Si to P in the quaternary
Heusler system FeCrRuZ induces a pronounced
electronic-magnetic phase transition. FeCrRuSi is
predicted to be a semiconducting antiferromag-
net, with a robust indirect band gap of ~ 0.69 eV
in both spin channels and the Fermi level just
above the valence-band maximum, indicating weak
n-type behaviour. In contrast, FeCrRuP exhibits
half-metallic ferromagnetism, characterized by a
metallic majority-spin channel and a sizable gap
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Fig. 9. Figure of merit (ZT') versus chemical po-

tential for (a) FeCrRuSi and (b) FeCrRuP alloys,
at 300, 600, and 900 K.

of ~0.72 eV in the minority-spin channel, confer-
ring full spin polarization at the Fermi level.

We attribute this transition primarily to a weak-
ening of the d—p hybridization, driven by a subtle
lattice expansion when Si is replaced by P. This
expansion reduces the covalent bonding between
the main-group p-orbitals and the transition-metal
d-states, enabling the majority-spin conduction
band to cross the Fermi level while preserving a gap
in the minority channel. Analysis of the projected
density of states confirms that in FeCrRuP, the
minority gap originates from coupling between the
P-3p and Fe/Cr/Ru-d states, whereas in FeCrRuSi,
the conduction (Si-3p, Ru-4d) and valence (Fe-3d,
Cr-3d) bands reflect its antiferromagnetic order.

This chemical engineering strategy offers a pow-
erful design principle for tailoring the magnetic and
transport properties in quaternary Heusler alloys
by fine-tuning the d—p interactions. From an appli-
cation perspective, FeCrRuP emerges as a strong
candidate for spintronic devices (e.g., magnetic
tunnel junctions), while FeCrRuSi, with its semi-
conducting antiferromagnetic character, could be
exploited in spin-gapless semiconductors or magne-
toresistive sensors.
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Looking ahead, experimental synthesis and char-
acterization of these compounds are crucial to
validate our predictions. Additionally, further the-
oretical work may explore the effects of strain,
defects, and temperature on the stability of the
half-metallic and antiferromagnetic phases, as well
as transport properties under realistic device condi-
tions.
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