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Spin-gapped metals have recently emerged as promising candidates for spintronic and nanoelectronic appli-
cations, enabling functionalities such as sub-60 mV/dec switching, negative differential resistance, and nonlocal
spin-valve effects in field-effect transistors. Realizing these functionalities, however, requires a deeper under-
standing of their magnetic behavior, which is governed by a subtle interplay between localized and itinerant
magnetism. This interplay is particularly complex in spin-gapped metallic half-Heusler compounds, whose
magnetic properties remain largely unexplored despite previous studies of their electronic structure. In this
work, we systematically investigate the magnetic behavior of spin-gapped metallic half-Heusler compounds
XYZ (X = Fe, Co, Ni, Rh, Ir, Pd, Pt; Y = Ti, V, Zr, Hf, Nb, Ta; Z = In, Sn, Sb), revealing clear trends. Co-
and Ni-based compounds predominantly exhibit itinerant magnetism, whereas Ti-, V-, and Fe-based systems
may host localized moments, itinerant moments, or a coexistence of both. To uncover the origin of magnetism,
we apply the Stoner model, with the Stoner parameter / estimated from Coulomb interaction parameters
(Hubbard U and Hund’s exchange J) computed using the constrained random phase approximation (cRPA). Our
analysis shows that compounds not satisfying the Stoner criterion tend to remain nonmagnetic. On the contrary,
compounds that satisfy the Stoner criterion, generally exhibit magnetic ordering. highlighting the crucial role of
electronic correlations and band structure effects in the emergence of magnetism. For compounds with magnetic
ground states, we compute Heisenberg exchange parameters, estimate Curie temperatures (7¢), and analyze
spin-wave properties, including magnon dispersions and stiffness constants. These results provide microscopic
insight into the magnetism of spin-gapped metallic half-Heuslers and establish a predictive framework for

designing spintronic materials with tailored magnetic properties.

DOIL: 10.1103/f4wj-12gt

I. INTRODUCTION

Heusler compounds constitute a remarkably versatile class
of materials that exhibit a broad spectrum of exotic elec-
tronic and magnetic properties, positioning them as a central
platform in the design of functional quantum materials. Orig-
inally discovered several decades ago, these intermetallics
have recently attracted renewed interest because of their po-
tential in spintronics, magnetoelectronics, and energy-related
applications [1-3]. Their diverse functionalities arise from in-
tricate interactions among the valence d orbitals of transition
metal atoms, which can be finely tuned through composi-
tional and structural modifications [4-9]. Among the most
celebrated electronic properties of Heusler compounds is half-
metallicity, in which one spin channel is metallic while the
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other is insulating, resulting in 100% spin polarization at the
Fermi level—an ideal characteristic for spintronic devices. A
related and equally intriguing electronic structure is that of a
spin gapless semiconductor, defined by a zero gap in one spin
channel and a finite gap in the other, enabling high carrier
mobility and efficient spin transport [4,10]. Certain Heusler
compounds also exhibit magnetic semiconducting behavior,
characterized by a semiconducting electronic structure com-
bined with long-range magnetic order, which is particularly
promising for spin-filtering and magneto-optical applications
[11,12]. More recently, a number of Heusler compounds have
been shown to host topological properties, including nontriv-
ial surface states and Weyl nodes, driven by band inversions
and symmetry-protected degeneracies [13—17]. These features
position Heusler compounds at the forefront of research into
quantum materials with multifunctional properties.

Among the broad family of Heusler compounds, a particu-
larly interesting subset is formed by the 18-valence-electron
half-Heusler (or semi-Heusler) systems, which are best

©2025 American Physical Society
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known for their semiconducting behavior and exceptional
thermoelectric performance at elevated temperatures. These
materials, including well-studied examples such as CoTiSb,
FeVSb, and NiTiSn, have long served as model systems for
exploring structure-property relationships in Heusler com-
pounds [7,18-25]. More recently, Sasioglu and collaborators
identified that certain half-Heusler compounds with one or
two valence electrons more or less than these semiconductors
are in fact nonmagnetic gapped metals, characterized by an
energy gap just below or above the Fermi level [26]. Since
the Fermi level intersects either the valence or conduction
band, these gapped metals behave similarly to conventional
doped semiconductors, where transport is dominated by holes
or electrons, respectively. Remarkably, as shown in Ref. [26],
many of the studied compounds fall into a new class of mate-
rials termed spin-gapped metals. These spin-gapped metallic
Heusler compounds typically possess 16, 17, 19, or 20 va-
lence electrons per formula unit and feature a spin-dependent
energy gap near the Fermi level. Depending on the align-
ment of the Fermi level relative to the spin-resolved energy
gaps, each spin channel can exhibit an intrinsic p- or n-
type character, analogous to doped magnetic semiconductors
[27-30]. This intrinsic carrier-type asymmetry in spin chan-
nels makes spin-gapped metals particularly promising for
spintronic applications, as they eliminate the need for extrinsic
doping and avoid associated issues such as disorder and phase
separation. Moreover, recent theoretical proposals demon-
strate that spin-gapped metals can serve as efficient electrode
materials in multifunctional field-effect transistors, enabling
device functionalities such as sub-60 mV/dec switching,
negative differential resistance, and nonlocal giant magne-
toresistance [31]. These features make spin-gapped metals
attractive candidates for future low-power, logic-in-memory,
and multivalued logic devices beyond the limits of conven-
tional CMOS technology.

Despite their promising potential, the underlying magnetic
behavior of spin-gapped metals remains poorly understood.
Although Ref. [26] introduced the concept of spin-gapped
metals using half-Heusler compounds as prototype materials
through ab initio density functional theory calculations, sev-
eral aspects of their behavior remain unexplored. For example,
some Co- and Ni-based compounds unexpectedly adopt non-
magnetic ground states and behave as ordinary gapped metals,
whereas others display magnetic ordering [26]. These obser-
vations raise key questions about the mechanisms that govern
magnetism in these materials: Are their properties driven by
conventional exchange interactions, or do they stem from
more subtle electronic instabilities? Addressing these ques-
tions is essential for understanding the microscopic origin of
magnetism in spin-gapped metals and for advancing their use
in spintronic applications.

In this work, we address these questions by conducting a
systematic investigation of half-Heusler compounds including
a wide range of transition metals, including Ti, V, Fe, Co, Ni,
Rh, Ir, Pd, and Pt most of which were initially identified as
spin-gapped metals in Ref. [26]. By analyzing their magnetic
moments, exchange interactions, and electronic structures, we
uncover distinct trends in their magnetic behavior. Our results
show that Co- and Ni-based compounds predominantly
exhibit itinerant magnetism, whereas Ti-, V-, and Fe-based

systems can display localized or itinerant moments, or a
coexistence of both. To understand the origin of this diversity,
we employ a combination of density functional theory (DFT),
constrained random phase approximation (cCRPA), and Stoner
model. This integrated approach enables us to quantify
electronic correlations, evaluate magnetic instabilities,
and establish a predictive framework for magnetism in
spin-gapped metallic half-Heusler compounds. Our findings
not only provide microscopic insights into the mechanisms
governing magnetism in these systems but also lay the
groundwork for designing spintronic materials with tailored
magnetic properties.

The remainder of this paper is organized as follows. In
Sec. II, we provide an overview of the materials studied
in this work, based primarily on the spin-gapped metallic
half-Heusler compounds identified in Ref. [26]. Section III
describes the first-principles electronic structure methods
employed, along with the theoretical models and approxima-
tions used to analyze magnetism and electronic correlations.
In Sec. IV, we present and discuss our results in detail.
Section IV A focuses on the nature of magnetism in each
compound, identifying whether the moments are itinerant,
localized, or coexisting. In Sec. IV B, we briefly discuss the
on-site effective Coulomb interaction parameters, which are
subsequently used in Sec. IV C to compute the Stoner parame-
ter and evaluate the tendency of the paramagnetic state toward
ferromagnetic instability. Section IV D analyzes the stability
of the magnetic ground state through calculated exchange
constants, and further estimates Curie temperatures and spin-
wave properties. Finally, Sec. V summarizes the main findings
and outlines the broader implications of our work.

II. SPIN-GAPPED METALS

To lay the groundwork for understanding the magnetic
behavior of spin-gapped half-Heusler compounds, we begin
by examining their characteristic electronic structure features.
Figure 1 schematically illustrates the density of states (DOS)
for normal metals, gapped metals, and spin-gapped metals.
In normal metals, the Fermi level intersects both spin chan-
nels of the band structure, and no energy gap exists in its
vicinity. In contrast, gapped metals exhibit a gap near the
Fermi level. Unlike semiconductors, where the Fermi level
lies within the gap, in gapped metals the Fermi level either
intersects the valence band—resulting in p-type behavior, or
the conduction band, yielding n-type behavior as shown in
Figs. 1(b) and 1(c). In the p-type case, holes are available
for transport, while in the n-type case, electrons are available,
analogous to doped semiconductors. In spin-gapped metals,
the DOS becomes spin-dependent because of magnetic order-
ing, and the two spin channels exhibit distinct energy gaps.
The position of these gaps relative to the Fermi level de-
termines the carrier type for each spin channel. Depending
on this alignment, both spin channels can display p-type or
n-type behavior [Figs. 1(d) and 1(e)], or a mixed case can
arise [Fig. 1(f)], in which one spin channel is p type while
the other is n type. To characterize these systems in more
detail, we define four key electronic structure parameters, as
depicted in Fig. 1: the internal band gap (Eé), the external band

gap (Eg), and the internal and external metallic bandwidths,
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FIG. 1. Schematic representation of the density of states (DOS) of a normal metal (a), gapped metals (b)(c), and spin-gapped metals (d)—(f).
The arrows represent the two possible spin directions. The horizontal line depicts the Fermi level Eg.

WL and WE, respectively. WE denotes the energy difference
between the Fermi level and the valence band maximum for
p-type gapped or spin-gapped metals, while W] is the energy
difference between the conduction band minimum and the
Fermi level in n-type systems.

Based on the electronic classification outlined above, we
now turn to the specific set of spin-gapped half-Heusler
compounds investigated in this study. In Ref. [26], we iden-
tified spin-gapped metals among half-Heusler compounds
with 16, 17, and 19 valence electrons by performing a high-
throughput screening using the Open Quantum Materials
Database (OQMD) [32-34]. The selection criteria for can-
didate compounds were twofold. First, the formation energy
Eiorm had to be negative to ensure thermodynamic stability.
Second, the convex hull distance AE.,,—the energy differ-
ence between the considered structure and the most stable
phase or mixture of phases—was required to be less than
0.2 eV/atom, a threshold that supports the experimental
feasibility of synthesizing metastable compounds. Table I
summarizes all spin-gapped metals studied in Ref. [26], ex-
cluding CuVSb because of its relatively large convex hull
distance. In this work, we expand that dataset by including
five additional spin-gapped half-Heusler compounds: FeZrSn,
FeHfSn, NiTiln, PdTiln, and IrVSb. In total, we investigate
twenty four compounds, and their corresponding lattice con-
stants, obtained from OQMD, are listed in Table 1.

Beyond structural stability, previous studies have also re-
vealed systematic trends in the electronic properties of these
compounds, which provide important context for the mag-
netic behavior analyzed in this work. In Ref. [26], a detailed
analysis of the spin-resolved electronic band structures was
provided for each compound. For reasons of completeness, we
have included in Table I the spin-gap type of the band structure
for both spin channels for the compounds under study. A
clear trend was identified: Compounds with fewer than 18 va-
lence electrons generally exhibit p-type spin-gapped behavior,
whereas those with more than 18 valence electrons tend to be
n-type spin-gapped metals. The nature of spin polarization at
the Fermi level further distinguishes the electronic character.
The spin polarization (SP) is defined as the difference between
the spin-up and spin-down DOS at the Fermi level, divided by
the total DOS. If the SP is 100%, one spin channel (typically
spin-down) exhibits a semiconducting character. When SP is
less than 100%, both spin channels contribute to conduction
and display either p- or n-type metallic behavior. Table I also

lists the SP values for all compounds considered in this study.
Most compounds with 16 or 17 valence electrons exhibit p-
type spin-gapped character in both spin channels. In contrast,
among the 19- or 20-valence-electron systems, only PdTiSb
and PtTiSb are n type in both spin channels; the remaining
compounds show n-type behavior in one spin direction, while
the other exhibits semiconducting characteristics.

To complement the electronic structure perspective, it is
also important to consider the crystallographic framework of
the spin-gapped metals studied in this work, as crystal sym-
metry plays a crucial role in governing magnetic interactions
and possible magnetic ordering. All bulk half-Heusler com-
pounds with the general formula XY Z crystallize in the cubic
Cly, structure, which belongs to the F43m space group. A
schematic representation of this lattice is shown in Fig. 2(a)
for the representative case of FeTiSb. The large cubic unit cell
shown contains four primitive unit cells and can be viewed
as a face-centered cubic (fcc) lattice with a four-site basis.
In Wyckoff coordinates, the A site at (000) is occupied

by Fe atoms, the B site at (}1 41'1 }1) by Ti atoms, and the D

site at (% % %) by Sb atoms. The C site at (% % %) remains
unoccupied—a characteristic feature of the Cl, structure.
From a symmetry standpoint, both the Fe and the vacant C
sites are located at the centers of smaller cubes, each sur-
rounded by four Ti and four Sb atoms as nearest neighbors at
the cube corners. Conversely, each Ti or Sb atom is centered
within a cube defined by four Fe atoms and four vacant C sites.
Figure 2(b) shows the doubled unit cell constructed along the
[111] direction, which we employ for our antiferromagnetic
(AFM) calculations. The specific AFM configuration and its
implications for the magnetic behavior will be discussed in
Sec. IV.

III. COMPUTATIONAL DETAILS

Having established the electronic and structural character-
istics of spin-gapped metallic half-Heusler compounds, we
now turn to the computational framework used to investi-
gate their magnetic behavior. In this study, we employ three
distinct ab initio electronic structure methods to investigate
the ground-state properties of spin-gapped metals. The ratio-
nale for using three different methods lies in the flexibility
they offer for postprocessing and analyzing different magnetic
properties. Each method provides complementary capabili-
ties, allowing us to perform an in-depth investigation of the
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TABLEI. Lattice constants (ay), total number of valence electrons (Zr), spin-gap type in each spin channel (NM stands for normal-metallic
behavior, SC for semiconducting behavior and the arrows depict the spin-up and spin-down electronic band structures), sublattice and total
magnetic moments for both ferro-/ferrimagnetic (FM) and antiferromagnetic (AFM) configurations, spin polarization at the Fermi level (see
text for definition), spin-wave stiffness constant (D), and calculated Curie temperatures (7¢) for the studied compounds. The lattice constants
ay are taken from the Open Quantum Materials Database [32-34].

FM (001) AFM (111)
Compound ao Zr Spin-gap type my my Myoa1 my my SP D Tc
XYz A) (145) (148) (148) (s) (1s) (%)  (meVAY)  (K)
FeZrSn 6.24 16 p-type-Mp-type-| -2.03 0.18 -190 -1.86 0.33 64 227 151
FeHfSn 6.19 16 p-type-1/p-type-| -1.86 0.17 -174  -1.65 0.26 28 169 150
FeTiSb 5.94 17 p-type-1/p-type-| —1.45 0.53 -0.95 -0.99 0.23 68 706 317
FeZrSb 6.15 17 p-type-1/SC-], —-1.34 0.34 -1.00 -1.08 0.16 100 738 274
FeHfSb 6.11 17 p-type-1/SC-|, —1.26 0.27 —1.00 -0.93 0.12 100 857 276
FeVSn 5.87 17 NM-1/p-type-| —1.85 1.03 -0.88 —1.40 0.87 36 383 532
FeNbSn 6.00 17 p-type-1/SC-] —1.38 0.40 -1.00 -1.05 0.23 100 734 266
FeTaSn 5.99 17 p-type-1/SC-|, -1.29 0.32 —1.00 —0.88 0.18 100 810 282
CoTiSn 5.93 17 p-type-1/p-type-| —042  -045 —0.94 0.00 0.00 74 669 56
CoZrSn 6.15 17 p-type-1/p-type-| -0.67 -0.18 -0.95 -0.27 0.01 81 936 126
CoHfSn 6.11 17 p-type-1/p-type-|, —0.55 -0.15 -0.79 0.00 0.00 66 897 108
RhTiSn 6.17 17 p-type-1/p-type-|, -0.07 -0.73 -0.87 0.00 0.00 70 226 131
IrTiSn 6.20 17 p-type-1p-type-| -0.08 -0.61 -0.76 0.00 0.00 33 165 95
NiTiln 5.99 17 p-type-1/p-type-|, —0.04 —0.81 -0.97 0.00 0.00 97 533 141
NiZrIn 6.22 17 p-type-1/p-type-| -0.11 -0.31 -0.55 0.00 0.00 53 177 23
PdTiln 6.23 17 p-type-1/SC-], —0.03 —0.87 -0.99 -0.01 -0.27 99 713 157
PtTiln 6.24 17 p-type-1/SC-|, —0.04 —0.84 -1.00 0.01 -0.19 100 769 189
CoVSb 5.81 19 n-type-1/SC-| —0.33 1.41 1.00 0.11 1.31 100 590 419
RhVSb 6.07 19 n-type-1/SC-|, —-0.21 1.33 1.00 —-0.08 1.64 100 484 228
IrVSb 6.07 19 n-type-1/SC-| -0.21 1.26 1.00 —0.08 1.30 100 498 283
PdTiSb 6.24 19 n-type-1/n-type-| —0.04 0.98 0.89 -0.02 0.83 87 383 194
PtTiSb 6.26 19 n-type-1/n-type-|, -0.05 1.05 0.99 -0.03 0.76 93 755 318
NiVSn 5.87 19 n-type-1/SC-| —0.03 1.15 1.00 —0.03 1.77 100 250 109
NiVSb 5.88 20 n-type-1/SC-| 0.03 2.12 2.00 0.01 2.29 100 561 684

electronic and magnetic behavior of spin-gapped half-Heusler r2SCAN meta-GGA functional [37]. Our test results revealed
compounds. Our extensive cross-validation tests (not shown) that both PBE and r>SCAN produce a physically consistent
confirm that all three methods yield nearly identical results for  description of the electronic structure of both gapped and spin-
the systems under study when the Perdew—Burke-Ernzerhof  gapped metals, which justify the use of the PBE functional in

(PBE) parametrization of the generalized gradient approxi- our study.

mation (GGA) for the exchange-correlation functional [35] The first ab initio electronic structure method we em-
is used [36]. We have also performed test calculations (not ploy is the QUANTUMATK software package [38,39]. This
shown here) on the spin-gapped metal FeTiSb and the non-  approach uses linear combinations of atomic orbitals (LCAO)

magnetic gapped metal CoTaSb using the more sophisticated as a basis set, combined with norm-conserving PseudoDojo

(a) FeTiSb FM (001) (b) FeTiSb AFM (111)

/

» — »
» —» »

7

/7/
" U U U D — /

®Fe ®OTi ® Sb

FIG. 2. Schematic representation of the unit cells used for ferro-/ferrimagnetic (FM) and antiferromagnetic (AFM) calculations, illustrated
using the FeTiSb compound as an example. Panel (a) shows the conventional unit cell employed for FM calculations, where atomic spin
magnetic moments (indicated by arrows) are aligned parallel to the [001] crystallographic direction. Panel (b) depicts the doubled unit cell
constructed along the [111] direction for AFM calculations, in which the magnetic moments are oriented antiparallel along [111]. The length
of each arrow is proportional to the magnitude of the calculated atomic spin magnetic moment.
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pseudopotentials [40]. For ground-state calculations of the
bulk compounds, we use a 16 x 16 x 16 Monkhorst—Pack
k-point grid [41]. In addition to ground-state calculations,
the QUANTUMATK framework is used to compute magnetic
interactions and excitations, making it central to our analysis
of spin dynamics. Specifically, we calculate the Heisenberg
exchange parameters using the Liechtenstein-Katsnelson-
Antropov-Gubanov (LKAG) formalism [42], following the
procedure described in Ref. [23]. These exchange constants
serve as the foundation for two key analyses: estimation
of Curie temperatures and evaluation of spin-wave proper-
ties. To estimate the Curie temperatures (7¢), the computed
exchange parameters are used within the mean-field approxi-
mation. For the spin-wave analysis, we calculate the magnon
dispersions and extract spin-wave stiffness constants based
on the formalism developed in Ref. [43]. This method, tai-
lored for multisublattice magnetic systems, generalizes earlier
work by Pajda er al. [44], originally formulated for single-
sublattice magnets. Together, these calculations provide a
comprehensive picture of the magnetic exchange interactions
and excitation spectra, offering valuable insights into the po-
tential of spin-gapped metals for high-temperature spintronic
applications.

The second ab initio method employed in this work is
the full-potential linearized augmented plane wave (FLAPW)
approach, as implemented in the FLEUR code [45,46]. We first
perform nonmagnetic ground-state calculations using FLEUR
and then use the SPEX code [47,48] to compute the effec-
tive Coulomb interaction parameters within the framework
of the constrained random phase approximation (cRPA). The
cRPA method is a state-of-the-art approach for determining
material-specific interaction parameters such as the Hubbard
U and Hund’s exchange J. It has been successfully applied to
a variety of Heusler systems, including half-metallic [49] and
Mn-based full Heusler compounds [50]. For further details
on the cRPA methodology in Heusler compounds, we refer
the reader to Refs. [49,50]. The obtained U and J values
are then used to compute the Stoner parameter, defined as
I = (U + 6J)/5 [51]. Within the Stoner model, this parameter
plays a central role in predicting ferromagnetic instability
through the criterion I x N(Ep) > 1, where N(Er) denotes
the density of states at the Fermi level.

Finally, we employ the all-electron ab initio full-potential
nonorthogonal local-orbital minimum-basis band structure
method (FPLO) [52,53]. This approach allows for an accurate
and efficient treatment of the electronic structure, particularly
near the atomic cores. In this work, we use the FPLO results
primarily to compute and visualize the charge density iso-
surfaces, which will be discussed in detail in the following
sections. Together, these three complementary methods en-
able a detailed and cross-validated analysis of the electronic,
magnetic, and correlation effects in spin-gapped metallic half-
Heusler compounds.

IV. RESULTS AND DISCUSSION

A. Itinerant versus localized magnetism

To gain insight into the nature of magnetism in 16-,
17-, 19-, and 20-valence-electron half-Heusler compounds,

we computed the magnetic moments for both ferromag-
netic/ferrimagnetic (FM) and antiferromagnetic (AFM) con-
figurations (Table I). For the AFM configuration, we consid-
ered a layered [111]-oriented ordering, where spin magnetic
moments alternate in direction between neighboring (111)
planes. This choice follows the work by Halilov et al. on
elementary ferromagnets (Fe, Co, and Ni) who have shown
using the spin-spiral technique that for fcc Ni the spin mag-
netic moment reduction, with respect to the FM configuration,
is larger when one chooses the AFM[111] instead of the
AFM[001] configuration [54]. The latter is favored in the case
of half-Heusler compounds containing rare-earth metals like
NdBiPt [55]. Test calculations on the compounds under study
(not presented here) have shown that the spin-gapped metallic
Heusler compounds in Table I being itinerant magnets show a
preference towards the AFM[111] configuration. For the lat-
ter, the suppression of the spin magnetic moment with respect
to the FM case is larger, making the AFM[111] configuration
more suitable than the AFM[001] configuration in detecting
the presence of itinerant magnetism. Thus in the following we
present results only for this AFM configuration.

The unit cells used for FM and AFM calculations are
illustrated in Fig. 2, with FeTiSb shown as a representative ex-
ample. In these schematics, the arrow directions indicate spin
magnetic moments orientation, while their lengths represent
the magnitude of the magnetic moments. This computational
setup provides a straightforward yet effective means to distin-
guish between localized and itinerant magnetism: in systems
with localized moments, magnetic moments tend to persist
even in the AFM configuration, whereas itinerant moments
are typically suppressed or vanish upon switching from FM
to AFM alignment. The results summarized in Table I reveal
distinct trends across the different valence electron counts,
highlighting a strong correlation between electronic struc-
ture and moment stability. Specifically, Fe-based 16- and
17-electron compounds exhibit relatively stable local mo-
ments in both FM and AFM states. In contrast, several
17-electron systems—particularly those based on Co, Rh, and
Ni—display significant suppression or even complete collapse
of the magnetic moment in the AFM configuration, consis-
tent with itinerant behavior. Meanwhile, 19- and 20-electron
compounds maintain robust magnetism with minimal varia-
tion between FM and AFM states, underscoring the role of
exchange interactions in stabilizing local moments in these
systems.

To understand the origin of these trends, we now examine
the underlying electronic mechanisms that govern moment
stability across different compound families. The collapse
of magnetic moments in certain 17-valence-electron com-
pounds can be attributed to the interplay between exchange
splitting and electronic hybridization. In Co- and Rh-based
systems, the relatively large d bandwidth leads to stronger hy-
bridization, promoting more itinerant magnetic behavior. As
a consequence, AFM ordering significantly modifies the DOS
at the Fermi level, suppresses exchange splitting, and desta-
bilizes local moments. This trend is evident in compounds
such as CoTiSn and CoHfSn, where the magnetic moment
completely vanishes in the AFM configuration. In contrast,
Fe-based 16- and 17-electron compounds retain sizable mo-
ments even in the AFM state, indicating a more localized
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FIG. 3. Spin density isosurfaces (defined as the difference
between spin-up and spin-down charge densities) for four represen-
tative compounds. FeZrSb and NiVSn exhibit localized magnetic
moments centered on the Fe and V atoms, respectively. In contrast,
CoZrSn and NiTiln display itinerant magnetic behavior, with spin
polarization primarily associated with the Co and Ni atoms. Positive
and negative values of the spin density are represented by red and
blue isosurfaces, respectively.

character of magnetism on Fe atoms, which is less sensitive to
spin-ordering changes. For 19- and 20-electron compounds,
such as CoVSb, RhVSb, and NiVSb, the magnetic moments
in FM and AFM configurations remain largely unchanged,
suggesting a robust exchange interaction that stabilizes mag-
netism regardless of magnetic ordering. This is particularly
evident in NiVSb, where a sizable moment of approximately
2.12 up persists in the AFM state.

To further support these interpretations, we analyze the
real-space spin density distributions, which offer direct insight
into the degree of magnetic moment localization. Figure 3
presents the spin density—defined as the difference between
spin-up and spin-down charge densities—for four represen-
tative compounds: FeZrSb, CoZrSn, NiVSn, and NiTiSn. In
FeZrSb, which exhibits localized magnetism, the spin density
is primarily concentrated around the Fe atoms. In contrast,
CoZrSn displays itinerant magnetic behavior, with the spin
density distributed more broadly around both Co and Zr sites.
NiVSn and NiTiSn illustrate contrasting cases: While NiVSn
shows localized moments centered on the V atoms, NiTiSn
exhibits more delocalized spin density around Ti, consistent
with itinerant magnetism. The spin-density isosurfaces are
shown in blue and red, representing negative and positive
values of the same magnitude, respectively. In FeZrSb, the
isosurface forms a compact, sphere-like shape tightly sur-
rounding the Fe atoms, indicative of localized magnetism. For
CoZrSn, the isosurface forms an extended, hollow network
encompassing both Co and Zr atoms—a hallmark of itinerant

behavior. In NiVSn and NiTiSn, the isosurfaces around the V
and Ti atoms are also roughly spherical, but their radii differ
significantly: The larger isosurface radius in NiTiSn reflects
its itinerant character, whereas the smaller, more localized
red spheres in NiVSn resemble those of FeZrSb, indicating
localized magnetism.

Overall, the observed trends in magnetic moment behav-
ior reflect a delicate interplay between exchange splitting,
electronic hybridization, and spin ordering in half-Heusler
compounds. The pronounced collapse of magnetic moments
in certain Co- and Rh-based systems underscores the role of
itinerant magnetism, whereas the robustness of magnetism in
Fe- and V-based compounds points to a more localized char-
acter. These insights deepen our understanding of magnetism
in spin-gapped metallic half-Heuslers and provide a micro-
scopic foundation for tailoring their electronic and magnetic
properties in future spintronic applications.

B. Coulomb interaction parameters: Hubbard U
and Hund exchange J

To complement the analysis of magnetic moment behav-
ior, we next examine the role of electronic correlations in
shaping the magnetic properties of spin-gapped half-Heusler
compounds. In particular, we focus on the effective on-site
Coulomb interaction parameters—Hubbard U and Hund’s ex-
change J—which serve as critical inputs for estimating the
Stoner parameter / and evaluating ferromagnetic instability, as
discussed in the next subsection. Since direct experimental de-
termination of U and J is notoriously difficult and reliable data
is limited, we computed these parameters from first principles
using the constrained random phase approximation (cRPA)
method implemented in the SPEX code, following the method-
ology outlined in Ref. [50] (see also Sec. III). The resulting
U and J values for all compounds are summarized in Table II,
where the slash separates the contributions associated with the
d orbitals of the two transition metal elements, X and Y. These
parameters are especially important in systems containing
3d, 4d, and 5d transition metals, which often exhibit strong
electronic correlations. In such cases, beyond-DFT methods
like DFT + U and DFT + DMFT have been shown to play an
essential role in accurately describing the magnetic and elec-
tronic properties [56-59]. Heusler compounds, in particular,
have been widely studied within this framework due to their
rich correlation-driven physics [60,61].

With this approach, we obtain a consistent and physically
meaningful set of U and J parameters for all investigated
compounds. The computed Hubbard U values, which quan-
tify the on-site Coulomb repulsion among d electrons, are
broadly comparable to those of the corresponding elemental
transition metals, typically ranging between 1.5 and 5.7 eV
[62]. However, identifying systematic trends in the U values
listed in Table II remains challenging, as U is known to de-
pend sensitively on factors such as crystal symmetry, d-orbital
filling, and hybridization effects. In the spin-gapped metallic
half-Heuslers studied here, this complexity is amplified by the
ternary nature of the unit cell, where hybridization between
the d orbitals of the X and Y atoms, as well as the influence
of the Z element, significantly affects the resulting Coulomb
interactions—consistent with observations in Mn-based
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TABLE II. Effective Coulomb interaction parameters (Hubbard U and Hund exchange J) for the valence d orbitals of transition metal
atoms in the studied half-Heusler compounds, along with the estimated Stoner parameter / and the total density of states at the Fermi level
N(Er) obtained from non-spin-polarized calculations. The product I x N(Er) is presented as a direct measure of the Stoner instability,
with an additional renormalized value o x I x N(Er), where o = 0.6 accounts for many-body effects (see text for details). The slash
separates the values for the two transition metal atoms X and Y in the chemical formula of the compound. This dataset allows for a
sublattice-resolved application of the Stoner criterion, distinguishing cases where both, one, or neither sublattice satisfies the condition for
spontaneous magnetization.

XYz Orbitals U (eV) J (eV) I (eV) N(Er) eV I x N(EF) a x I x N(EF)
spin-gapped metals
FeZrSn 3d/4d 1.93/1.50 0.88/0.39 1.44/0.76 1.50/1.21 2.16/0.92 1.30/0.55
FeHfSn 3d/5d 2.08/1.40 0.89/0.36 1.48/0.71 1.28/0.76 1.84/0.54 1.14/0.32
FeTiSb 3d/3d 2.42/2.65 0.85/0.61 1.50/1.27 1.72/1.42 2.58/1.80 1.55/1.08
FeZrSb 3d/4d 2.73/1.75 0.90/0.37 1.62/0.79 1.75/0.62 2.84/0.49 1.70/0.29
FeHfSb 3d/5d 2.91/1.52 0.91/0.33 1.67/0.71 1.51/0.89 2.52/0.63 1.51/0.38
FeVSn 3d/3d 2.13/2.67 0.85/0.74 1.45/1.42 1.52/0.94 2.20/1.33 1.32/0.80
FeNbSn 3d/4d 2.20/1.96 0.89/0.47 1.51/0.96 1.50/0.53 2.27/0.51 1.36/0.31
FeTaSn 3d/5d 2.28/1.76 0.90/0.42 1.54/0.86 1.46/0.54 2.25/0.46 1.35/0.28
CoTiSn 3d/3d 2.33/2.11 0.94/0.63 1.59/1.17 1.07/1.45 1.70/1.70 1.02/1.02
CoZrSn 3d/4d 2.12/1.45 0.96/0.38 1.57/0.75 1.48/1.25 2.32/0.94 1.39/0.56
CoHfSn 3d/5d 2.58/1.39 0.98/0.36 1.70/0.70 1.15/0.92 1.96/0.64 1.17/0.39
RhTiSn 4d/3d 2.17/1.78 0.66/0.65 1.22/1.13 0.42/1.56 0.51/1.76 0.31/1.06
IrTiSn 5d/3d 1.89/1.86 0.58/0.65 1.08/1.15 0.39/1.49 0.42/1.71 0.25/1.03
NiTiln 3d/3d 3.09/1.47 1.05/0.61 1.88/1.03 0.62/2.52 1.17/2.60 0.70/1.56
NiZrIn 3d/4d 3.00/1.23 1.07/0.39 1.89/0.72 0.60/1.56 1.13/1.12 0.68/0.67
PdTiln 4d/3d 2.63/1.29 0.72/0.62 1.39/1.00 0.20/2.12 0.28/2.12 0.17/1.27
PtTiln 5d/3d 2.28/1.41 0.65/0.52 1.23/0.90 0.30/2.50 0.37/2.25 0.22/1.35
CoVSb 3d/3d 3.65/3.14 0.94/0.71 1.85/1.48 0.98/4.36 1.81/6.45 1.09/3.87
RhVSb 4d/3d 2.90/3.00 0.65/0.73 1.36/1.48 0.37/3.68 0.50/5.45 0.30/3.27
IrVSb 5d/3d 2.62/3.12 0.58/0.73 1.22/1.50 0.17/2.13 0.21/3.20 0.12/1.92
PdTiSb 4d/3d 3.31/2.58 0.74/0.62 1.54/1.26 0.29/1.84 0.45/2.32 0.27/1.39
PtTiSb 5d/3d 2.85/2.48 0.64/0.58 1.33/1.19 0.28/3.29 0.37/3.90 0.22/2.35
NiVSn 3d/3d 4.15/2.71 1.04/0.72 2.08/1.40 0.69/2.74 1.44/3.84 0.86/2.30
NiVSb 3d/3d 3.95/2.82 1.02/0.69 2.02/1.39 1.52/7.51 3.07/10.4 1.84/6.26
Gapped metals
NiHfIn 3d/5d 3.37/1.20 1.09/0.37 1.98/0.68 0.50/1.30 0.99/0.88 0.59/0.53
CoNbSb 3d/4d 4.05/2.20 0.98/0.45 1.98/0.98 0.70/1.18 1.39/1.16 0.83/0.69
CoTaSb 3d/5d 4.08/1.93 0.98/0.39 1.99/0.86 0.56/0.76 1.11/0.65 0.67/0.39
NiTiSb 3d/3d 4.26/2.95 1.04/0.58 2.10/1.29 0.41/1.16 0.86/1.50 0.52/0.90
NiZrSb 3d/4d 4.82/1.96 1.08/0.36 2.27/0.82 0.27/0.47 0.61/0.39 0.37/0.23
NiHfSb 3d/5d 4.91/1.69 1.09/0.32 2.30/0.73 0.23/0.39 0.53/0.29 0.32/0.17
NiNbSn 3d/4d 4.72/2.19 1.09/0.46 2.25/0.99 0.62/1.30 1.40/1.29 0.84/0.77
NiTaSn 3d/5d 4.85/1.99 1.10/0.41 2.29/0.90 0.40/0.75 0.92/0.68 0.55/0.41

full-Heusler systems [50]. The calculated Hund’s exchange J
parameters are consistently smaller than their U counterparts,
typically remaining below 1 eV. These values are in line
with those reported for both elemental transition metals [62]
and other Heusler compounds [49,50], further supporting the
reliability of our cRPA-based results. In the following subsec-
tion, we use these parameters to estimate the Stoner criterion
and assess the conditions under which ferromagnetic ordering
becomes energetically favorable in spin-gapped half-Heusler
compounds.

C. Stoner criterion and magnetic instabilities

The Stoner model provides a fundamental framework
for understanding the onset of ferromagnetism in transition-
metal-based compounds by evaluating the instability of the

nonmagnetic (NM) state toward spontaneous spin polariza-
tion. Its predictive power is particularly relevant for systems
in which magnetism arises from an itinerant-electron mech-
anism, driven by electronic structure rather than localized
moments. As seen in our analysis of FM and AFM magnetic
moments (Sec. IV A) and electronic correlations (Sec. IV B),
a clear distinction emerges between compounds exhibiting
localized magnetism—such as those based on Fe and V—and
those where magnetic moments are more itinerant, notably
in Co-, Rh-, and Ni-based systems. For the latter group, the
Stoner criterion serves as an effective tool to assess the ten-
dency of the NM state to develop finite spin polarization. In
contrast, for compounds with robust local moments stabilized
by strong exchange interactions and Hund’s coupling, the
Stoner model alone is insufficient. In these cases, comple-
mentary local-moment-based approaches, such as Heisenberg
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FIG. 4. Atom-resolved density of states (DOS) from nonmagnetic calculations for representative (spin)-gapped metallic half-Heusler
compounds: FeTiSb, CoTiSn, CoTaSb, and NiTaSn. For FeTiSb and CoTiSn, both X —Y sublattices (Fe-Ti and Co-Ti, respectively) exhibit
high DOS at the Fermi level, indicating that the Stoner criterion is satisfied. In contrast, for CoTaSb and NiTaSn, the corresponding X —Y
sublattices (Co—Ta and Ni—Ta) show low DOS at the Fermi level, consistent with the absence of magnetic ordering. The DOS is plotted in the
energy range Er £ 2 eV, and the atom-resolved curves represent the sum of spin-up and spin-down contributions; therefore, the values should

be divided by two when applied to the Stoner criterion.

exchange models, are also required to capture the underlying
magnetic behavior.

To quantitatively assess the applicability of the Stoner
model to the half-Heusler compounds studied here, we use
the effective Coulomb interaction parameters (Hubbard U
and Hund’s exchange J) obtained in the previous subsec-
tion to estimate the Stoner parameter / (see Table II). The
Stoner parameter is computed using the mean-field expression
proposed by Stollhoff er al., given by I = (U + 6J)/5 [51].
This relation, derived from the Hartree—Fock solution of the
multi-orbital Hubbard model, has been shown to yield reliable
results for transition-metal systems and reproduces the Stoner
parameters of elemental 3d materials with good accuracy.
To evaluate magnetic stability, we also calculated the total
density of states at the Fermi level N(EF) in the nonmagnetic
(NM) state and determined the Stoner product I x N(Ep).
According to the conventional criterion, a compound is pre-
dicted to be ferromagnetic when I x N(Er) > 1. For systems
with two different transition-metal atoms, such as FeVSn or
CoVSb, this condition must be evaluated separately for each
sublattice, since the original Stoner model was formulated for
a single magnetic species. These materials can be treated as
two-sublattice magnets, where each sublattice corresponds to
one of the transition-metal atoms. Accordingly, the instability
conditions become

IX XNx(EF)> 1, Iy XNy(EF)> 1,
where Iy and Iy are the Stoner parameters for the two sublat-
tices, and Nx (Er ) and Ny (Er ) are the corresponding projected
DOS at the Fermi level. If both conditions are satisfied, mag-
netic moments are expected on both sublattices. If only one is
satisfied, magnetism is likely to be localized on that sublattice,
while the other remains nonmagnetic or possesses a small
induced spin magnetic moment due to hybridization effects
between orbitals sitting at neighboring atoms and transform-
ing with the same symmetry (e.g., Zr in FeZrSb). If neither

inequality holds, the system is expected to remain nonmag-
netic, in agreement with our DFT results.

As examples of the interplay between the appearance of
magnetic order and the DOS, we present in Fig. 4 the atom-
resolved DOS for FeTiSb and CoTiSn, which are found to
be spin-gapped metals, and CoTaSb and NiTaSn, which are
found to be normal nonmagnetic gapped metals (see Table II).
In the case of the former FeTiSb and CoTiSn compounds,
both X and Y sublattices exhibit pronounced DOS at the
Fermi level, consistent with the Stoner criterion being satisfied
and the presence of magnetic instabilities leading to magnetic
order. In contrast, for CoTaSb and NiTaSn, the X and Y sub-
lattices show very low DOS at the Fermi level, in agreement
with the absence of magnetism in these compounds.

It is worth noting that the analysis above neglects many-
body correlation effects, which are known to reduce the
effective Stoner parameter / by suppressing local charge and
spin fluctuations. According to Ref. [51], such correlations
can lower / by as much as 30-40% in 3d transition metals,
where the narrow d bands and localized orbitals enhance fluc-
tuations. To account for this, we also consider a renormalized
version of the criterion, o x I x N(Er) with & = 0.6, which
provides a more realistic estimate of magnetic instability in
3d-dominated systems. However, this o = 0.6 value is not
universal. In 4d and 5d transition metals, the valence d or-
bitals are more spatially extended, the d bands are broader,
and the hybridization with ligand states is stronger. These
factors enhance electronic screening and reduce the impact of
local correlations, so that the suppression of I is weaker and
o can approach unity (see e.g., fcc Pd in Ref. [63]). To the
best of our knowledge, there is no practical way to compute
element- and compound-specific & values without an explicit
treatment of spin fluctuations beyond the scope of the present
work. Therefore, in Table II we report both the bare Stoner
product I N(Er) (¢ = 1) and the renormalized values with
o = 0.6. For compounds with 4d or 5d sublattices, the actual
a is expected to be larger than 0.6, and thus their magnetic
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tendency could be underestimated by the renormalized cri-
terion. A notable example is NiZrIn and FeZrSn, where the
Zr-4d Stoner products are close to unity (1.12 and 0.92,
respectively). While the renormalized values drop to 0.67
and 0.55, these should be interpreted with caution: For the
Zr-4d states, the effective « is likely closer to one, so that
the proximity to magnetism may in fact be stronger than the
renormalized criterion suggests.

Our calculations reveal three distinct types of magnetic
behavior among the half-Heusler compounds, classified ac-
cording to whether the Stoner criterion is satisfied on one,
both, or neither of the transition-metal sublattices. In com-
pounds such as FeTiSb, FeVSn, CoTiSn, and CoVSb, both
transition-metal atoms satisfy the Stoner condition, resulting
in finite magnetic moments on both sublattices. In a second
group of systems, only one sublattice meets the criterion,
leading to magnetism localized on a single atomic site. For
example, in RhTiSn and PdTiln, the Ti atom develops a siz-
able magnetic moment, while the Rh and Pd atoms remain
nonmagnetic because of their low projected DOS at the Fermi
level, which fails to induce spin instability. For FeZrSb, only
Fe atoms satisfy the Stoner criterion, presenting a large value
of spin magnetic moment while Zr atoms, which do not satisfy
the Stoner criterion, present a much smaller spin magnetic
moment induced by the Fe atomic spin magnetic moments.
The third group comprises materials in which neither sublat-
tice satisfies the Stoner criterion, leading to a nonmagnetic
ground state. These compounds, which we classify as gapped
metals, include NiHfIn, CoNbSb, CoTaSb, NiTiSb, NiZrSb,
NiHfSb, NiNbSn, and NiTaSn. Despite their metallic char-
acter, these systems exhibit a strongly reduced total DOS
at the Fermi level, which suppresses magnetic instability. In
all such cases, both the unrenormalized and renormalized
Stoner products, I x N(Er) and o x I x N(Ef), remain be-
low the critical threshold of unity. The absence of magnetism
in these materials is primarily attributed to strong hybridiza-
tion effects and electronic band structure features that lower
the DOS at Ep. This sets them apart from nearly ferromag-
netic metals such as Pd, where a high DOS near the Fermi
level leads to strong spin fluctuations and exchange-enhanced
paramagnetism.

Despite the widespread use of the Stoner model for pre-
dicting magnetism in transition-metal-based systems, a fully
developed multisublattice extension remains lacking. Lichten-
stein et al. [64] proposed an advanced theoretical framework
that combines Stoner, Heisenberg, and Hubbard concepts
through a site- and orbital-resolved spin-fluctuation theory
within the LDA + DMFT formalism. While this approach
does not explicitly define a sublattice-resolved Stoner crite-
rion in the conventional sense, it provides strong conceptual
justification for evaluating magnetic instabilities on inequiv-
alent atomic sites individually. Our results demonstrate that
such a sublattice-based application of the Stoner criterion
is highly effective in capturing the diverse magnetic be-
havior observed in half-Heusler compounds, particularly in
systems exhibiting a coexistence of localized and itiner-
ant magnetism. Nevertheless, for materials with strong local
moments or complex magnetic interactions, additional theo-
retical treatments—such as Heisenberg exchange modeling or
beyond-DFT approaches—are likely necessary to achieve a

more comprehensive description. Future developments incor-
porating many-body techniques, such as DMFT or GW-based
corrections, hold promise for refining our understanding of
magnetic phase stability and correlation-driven phenomena in
these complex intermetallics.

D. Magnetic interactions, spin-wave properties,
and Curie temperatures

Following the analysis of magnetic moments and Stoner
instabilities presented in the previous sections, we now turn
to the computation of magnetic exchange interactions, Curie
temperatures, and spin-wave spectra to complete the the-
oretical picture of magnetism in spin-gapped half-Heusler
compounds. These quantities are essential for assessing the
stability of magnetic order and the nature of low-energy ex-
citations, both of which are critical for potential spintronic
applications. Our approach follows the standard methodology
of mapping ab initio total-energy calculations onto a classical
Heisenberg Hamiltonian [54,65-68]. This approximation is
well justified for systems with localized magnetic moments
and can still yield meaningful insights for moderately itin-
erant magnets, provided the magnetic moments are not too
small. However, in strongly itinerant systems, the accuracy
of the Heisenberg mapping becomes limited. In addition, the
calculation of spin-wave dispersions captures only collective
excitations and neglects so-called Stoner excitations—single-
particle spin-flip processes that can lead to Landau damping.
This simplification is reasonable in half-metallic systems,
where spin flips are energetically suppressed due to the posi-
tion of the Fermi level relative to the minority-spin conduction
band edge. Finally, Curie temperatures are estimated using
the mean-field approximation (MFA) applied to the computed
exchange parameters. While MFA provides qualitative trends,
it is known to systematically overestimate the actual transition
temperatures by neglecting collective spin fluctuations. More
accurate estimates would require approaches such as the ran-
dom phase approximation (RPA), which includes spin-wave
renormalization effects.

With these considerations in mind, we now proceed to
the evaluation of exchange constants, which form the basis
for our analysis of magnetic excitations and thermal sta-
bility. As described in Sec. III, the exchange interactions
are computed using the real-space LKAG formalism, which
maps the results of ab initio electronic structure calculations
onto a classical Heisenberg Hamiltonian in a linear-response
framework. In magnetic systems such as half-Heusler com-
pounds, two primary mechanisms contribute to the exchange
interactions: direct and indirect exchange [69]. The direct
exchange arises from interactions between magnetic atoms
on different sublattices—typically when both transition metal
atoms are magnetic and occupy nearest-neighbor positions.
These intersublattice interactions are especially relevant in
compounds with multiple magnetic species. The indirect ex-
change, by contrast, takes place between magnetic atoms of
the same type within a single sublattice. It is mediated by
conduction electrons and is often described by Ruderman—
Kittel-Kasuya—Yosida (RKKY)-like mechanisms. In systems
for which only one sublattice hosts magnetic moments, the
stability of the magnetic phase is governed primarily by these
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FIG. 5. Intra- and intersublattice Heisenberg exchange parameters as a function of interatomic distance for six representative spin-gapped
metallic half-Heusler compounds: (a) FeTiSb and FeVSn, (b) CoTiSn and CoVSb, and (c) NiTiSn and NiVSb. Each curve corresponds to
exchange interactions between specific magnetic atoms. In several cases, the exchange constants have been multiplied by an integer factor

(indicated in parentheses in the legend) to enhance visibility.

intrasublattice interactions. The relative strength and sign of
the direct and indirect exchange contributions determine the
nature of the magnetic ground state and are key factors in
establishing the Curie temperature and spin-wave behavior of
the system.

Figure 5 presents the calculated exchange constants as a
function of interatomic distance for six representative half-
Heusler compounds. For FeTiSb and FeVSn, both with 17
valence electrons per formula unit, the dominant magnetic
interaction is the direct intersublattice exchange between Fe
and Ti (or V) atoms. This coupling is negative for nearest
neighbors, favoring antiparallel alignment—consistent with
the spin magnetic moments reported in Table I, where Fe
and Ti(V) moments are oriented oppositely. In contrast, the
intrasublattice interactions (Fe—Fe and Ti-Ti or V-V) are sig-
nificantly weaker; to enhance their visibility in the plot, we
scaled them by factors of 3 and 6 for Fe—Fe, and 200 and 16
for Ti-Ti and V-V, respectively.

The compounds CoTiSn and CoVSb illustrate contrasting
magnetic behavior. CoTiSn exhibits itinerant magnetism, with
magnetism primarily driven by Co-Ti exchange. Although the
nearest-neighboring Co-Ti interaction is negative as shown in
Fig. 5, the overall Co-Ti exchange interaction is positive favor-
ing ferromagnetic alignment of the spin magnetic moments.
This is because of the fact that the next-nearest neighboring
interactions are positive and the number of second Co-Ti
neighbors is much larger than the number of the nearest Co-Ti
neighbors. The Ti—Ti interactions are much weaker, indicating
limited magnetic contribution from the Ti sublattice. CoVSb,
on the other hand, shows more localized magnetism, with
V-V interactions that are comparable in strength to the Co—
V exchange. This reflects a cooperative magnetic ordering
involving both sublattices and is supported by the data in
Table I, where V atoms carry magnetic moments nearly an
order of magnitude larger than those on Co.

The final two compounds, NiTiSn and NiVSb, demon-
strate magnetism localized predominantly on the Ti and V
sublattices, respectively. In NiVSb, the large spin magnetic
moments on V atoms (approximately 2 ug) are accompa-
nied by strong V-V exchange constants, indicating robust

local-moment magnetism. In contrast, NiTiSn displays
smaller and more delocalized Ti moments, resulting in signif-
icantly weaker Ti—Ti exchange. These findings highlight the
diverse nature of magnetic exchange interactions across the
half-Heusler family, governed by both electronic structure and
sublattice contributions.

The exchange constants discussed above were subse-
quently used to estimate the Curie temperatures, as outlined
in Sec. III. The resulting 7¢ values are presented in the last
column of Table I. For most compounds, the Curie tempera-
tures lie below room temperature. This is especially true for
itinerant magnets, where T¢ values often fall below 100 K,
reflecting the weaker exchange interactions associated with
delocalized magnetic moments. In contrast, several com-
pounds exhibiting localized magnetism show significantly
higher Curie temperatures, making them promising candi-
dates for spintronic applications. Notably, FeVSn, CoVSb,
and NiVSDb exhibit 7 values of 532 K, 419 K, and 684 K,
respectively.

This trend can be qualitatively understood in terms of an
empirical rule suggesting that the Curie temperature scales
with the sum of the absolute values of the atomic spin mag-
netic moments [70,71]. For example, in FeVSn, although the
total spin moment is only —0.88 up beause of antiparallel
alignment between Fe and V, the sum of the absolute moments
is 2.88 wp. Similarly, the corresponding values are 1.74 g for
CoVSb and 2.15 ug for NiVSb. While this empirical trend
aligns with the relatively high 7¢ values in these cases, it
should be emphasized that there is no strict linear relationship,
and the applicability of this rule remains limited.

Finally, we briefly comment on the expected electronic
behavior of spin-gapped metals above T¢. In conventional
magnetic metals, the loss of magnetic order typically results
in a paramagnetic metallic state. In contrast, the spin-gapped
systems studied here may retain a gapped character even in the
nonmagnetic state, depending on the symmetry of the spin-
resolved band structure. This scenario is particularly likely
when both spin channels exhibit the same carrier type (either
p type or n type), as shown in Figs. 1(d) and 1(e), or when
one spin channel remains semiconducting. In such cases, the
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FIG. 6. Calculated magnon dispersion curves for six representative half-Heusler compounds: (a) FeTiSb and FeVSn, (b) CoTiSn and
CoVSb, and (c) NiTiSn and NiVSb. In compounds with only one magnetic atom per formula unit (NiTiSn and NiVSb) the spectra consist
of a single acoustic magnon branch (red curve). In contrast, the other four compounds contain two magnetic atoms per unit cell, resulting in
both an acoustic branch (red curve) and a higher-energy optical magnon branch (blue curve). Among them, CoTiSn exhibits ferromagnetic
ordering, while FeTiSb, FeVSb, and CoVSb are ferrimagnets with antiparallel sublattice moments. All magnon spectra are plotted along the
high-symmetry path L-I"-X-W-K-I" in the Brillouin zone, with energy given in meV.

paramagnetic state may closely resemble a gapped metal
rather than a conventional one. On the other hand, spin-
gapped metals with mixed p- and n-type character [Fig. 1(f)]
are expected to evolve into ordinary paramagnetic metals
above Tc.

In addition to determining Curie temperatures, the ex-
change constants also allow us to investigate the dynamical
magnetic excitations of the system—specifically, the magnon
spectra, as discussed in Sec. III. Magnons, or spin-wave exci-
tations, represent the low-energy collective modes of the spin
system and are distinct from single-particle spin-flip excita-
tions known as Stoner excitations. Figure 6 shows the calcu-
lated magnon spectra for six representative compounds, illus-
trating how the number of magnetic sublattices and the nature
of magnetic ordering influence the spin-wave dispersion.

NiTiSn and NiVSb each have only one magnetic sublat-
tice (Ti and V, respectively), resulting in a single acoustic
magnon branch. This is true despite their differing magnetic
character—NiTiSn being an itinerant magnet and NiVSb a lo-
calized one. In contrast, FeTiSb, FeVSb, CoTiSn, and CoVSb
feature two magnetic sublattices, leading to both acoustic
and optical magnon branches. The acoustic mode corresponds
to in-phase precession of the sublattice moments, while the
optical mode involves out-of-phase precession and appears
at higher energy. Among these compounds, only CoTiSn
exhibits ferromagnetic alignment with parallel sublattice mo-
ments, whereas the others show ferrimagnetic coupling with
antiparallel alignment. This distinction influences both the
energy separation and intensity distribution between the two
magnon branches.

Despite differences in spectral features, the acoustic mode
consistently vanishes at the I' point for all systems, as
expected from the Goldstone theorem in the absence of spin-
orbit coupling. Near the zone center, the dispersion follows
a quadratic form E(q) = D - |q|?, where D is the spin-wave

stiffness constant. The calculated D values, listed in Table I,
span a wide range from 165 to 936 meV A2, reflecting the
diversity of exchange interactions and the localized versus
itinerant nature of magnetism across the studied half-Heusler
compounds.

While linear spin-wave theory based on DFT-calculated
exchange parameters yields valuable insights into collective
magnetic excitations, it has inherent limitations when applied
to metallic systems. In particular, the classical Heisenberg
model employed here neglects the coupling between collec-
tive magnons and single-particle spin-flip (Stoner) excitations,
which can result in significant damping of spin waves. This
limitation is especially relevant for spin-gapped metallic sys-
tems, where the Fermi level may lie close to the onset of
the spin-flip continuum. As a result, our current method does
not account for Landau damping effects or finite magnon
lifetimes that arise from such interactions. A more rigorous
treatment would require going beyond the Heisenberg model
and employing approaches such as time-dependent density
functional theory (TDDFT) or many-body perturbation theory
(MBPT), which explicitly account for dynamic electron-hole
correlations [72-78].

These limitations are particularly pertinent for compounds
in which one or both spin channels exhibit p-type spin-
gapped metallic behavior, such as FeVSb, where the Fermi
level lies close to the minority-spin conduction band edge.
In such cases, efficient magnon—Stoner coupling can lead to
pronounced damping and short magnon lifetimes. In contrast,
compounds like CoVSb and NiVSb, where one spin channel
displays n-type spin-gapped metallic behavior and the other
is semiconducting, are expected to exhibit more coherent and
long-lived magnons because of the presence of a Stoner gap
that separates collective modes from the spin-flip continuum.
Similar behavior may also arise in Fe- and Ti-based half-
Heuslers with a full semiconducting gap in one spin channel,
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as indicated in Table I. Understanding how the type and size of
the spin-gap affect magnon coherence and damping remains
an important open question, with direct implications for the
design of next-generation spintronic and magnonic devices
based on spin-gapped metallic half-Heuslers.

V. SUMMARY AND CONCLUSIONS

In this work, we presented a comprehensive first-principles
investigation of spin-gapped metallic half-Heusler com-
pounds, with the goal of uncovering the microscopic origin
of magnetism and its implications for spintronic applications.
Using multiple ab initio electronic structure methods, we
systematically explored the nature of magnetic moments, the
role of electronic correlations, and the resulting exchange
interactions across a broad family of compounds with 16, 17,
19, or 20 valence electrons per formula unit. Our analysis of
ferro-, ferri-, and antiferromagnetic configurations revealed
that Co- and Ni-based systems predominantly exhibit itin-
erant magnetism, while Fe-, Ti-, and V-based compounds
display a richer spectrum, ranging from localized to itin-
erant behavior—and in some cases, a coexistence of both.
Spin-density isosurface plots further corroborate these trends,
distinguishing localized from delocalized spin polarization in
real space.

To elucidate the origin of magnetism, we estimated the
Stoner parameter / from cRPA-calculated Hubbard U and
Hund’s exchange J values. This enabled a material-specific
application of the Stoner criterion, which successfully ac-
counts for the emergence of magnetism in many itinerant
systems, as well as the absence of magnetic order in sev-
eral Co- and Ni-based compounds. In the latter case, strong
hybridization and a low DOS at the Fermi level suppress
the Stoner instability, despite the presence of transition metal
elements.

We computed Heisenberg exchange parameters using the
LKAG formalism, which allowed us to estimate Curie tem-
peratures and analyze spin-wave spectra. Depending on the
magnetic sublattice configuration, magnetic order is stabi-
lized either through intersublattice (direct) or intrasublattice
(indirect) exchange interactions. In compounds where both
sublattices carry substantial spin moments, the Curie tem-
peratures exceed room temperature, identifying them as
promising candidates for high-temperature spintronic appli-
cations. The calculated magnon spectra exhibit well-defined
acoustic modes and, in multisublattice systems, additional op-
tical branches. The spin-wave stiffness constants span a wide
range, reflecting the diversity of magnetic behavior across the
half-Heusler family.

Overall, our study offers fundamental insights into the del-
icate interplay between localized and itinerant magnetism in
spin-gapped metallic half-Heusler compounds. By integrating
advanced electronic structure methods with analytical model-
ing, we construct a comprehensive theoretical framework for
understanding the microscopic origins of magnetic order in
these systems. This framework paves the way for the predic-
tive design of spintronic materials with precisely engineered
magnetic and transport properties. In particular, the coexis-
tence of spin-resolved energy gaps and tunable magnetism
uniquely positions spin-gapped metals as promising plat-
forms for next-generation electronic applications, including
multifunctional steep-slope field-effect transistors and other
beyond-CMOS devices.
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