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Gapped metals, a recently discovered new class of materials, possess a band gap slightly above
or below the Fermi level. These materials are intrinsic p- or n-type semiconductors eliminating the
need for extrinsic doping. Inspired by this concept, we propose the so-called ”spin-gapped metals”
exhibiting intrinsic p- or n-type behavior for each spin channel independently. Their properties
would be similar to the dilute magnetic semiconductors eliminating the requirement for transition
metal doping. Here, we demonstrate this novel concept in semi-Heusler compounds using first-
principles electronic band structure calculations. We comprehensively analyze their electronic and
magnetic properties, paving the way for novel technological applications of Heusler compounds.

Introduction: An essential hurdle in materials science
involves uncovering materials possessing unique charac-
teristics that can bolster device performance. Thermo-
electricity, which involves converting heat into electricity
via the Seebeck effect, stands as a pivotal phenomenon
in contemporary technology, enabling the harnessing of
waste heat from both industrial and household processes
[1, 2]. While doped semiconductors are traditionally fa-
vored for thermoelectric applications, recent suggestions
propose a new category of metals termed ”gapped met-
als” as potential substitutes for doped semiconductors
[3-5]. As illustrated in Fig. 1(a-c), the density of states
(DOS) for these gapped metals reveals a semiconductor-
like gap, which distinguishes them from conventional
metals. Specifically, the Fermi level intersects either
the valence band, resulting in an excess of holes (p-type
gapped metals), or the conduction band, leading to an
excess of electrons (n-type gapped metals). This class
of metals has the potential to supplant doped semicon-
ductors in various applications without the necessity for
additional doping.

Expanding the concept of gapped metals to encompass
magnetic materials could involve introducing the term
”spin-gapped metals”, indicating differing behaviors in
the electronic band structures regarding spin. Such an
extension would result in a diverse range of behaviors
stemming from the distinct characteristics of each metal.
Presented in Fig. 1(d-f) are seven distinct scenarios illus-
trating this concept. By combining n- or p-type gapped
metallic behavior for the spin-up electronic band struc-
ture with various behaviors such as normal metallic, typ-
ical semiconducting, or n(p)-type gapped metallic behav-
ior in the spin-down electronic band structure, a broader
range of implications for technology applications could be
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achieved. Analogous to how gapped metals are seen as
counterparts to doped semiconductors, one might view
spin-gapped metals as counterparts to dilute magnetic
semiconductors [6-9], such as Mn-doped GaAs, without
requiring the incorporation of magnetic atoms through
doping.

The Heusler compounds [10, 11] constitute a vast fam-
ily of intermetallic compounds, currently comprising over
2000 members [12-14]. Within this family, numerous
novel behaviors have been both experimentally and com-
putationally identified, rendering them appealing for a
wide array of technological applications. These behav-
iors include half-metallicity [15], spin-gapless semicon-
ducting behavior [16, 17], spin-filtering [18], and more.
Their adaptability regarding element substitution drives
ongoing research in this field, and extended databases
were built using the first-principles calculations resulting
in the prediction of hundreds of new Heusler compounds
which were later grown experimentally [15, 17, 19-26].
Among these compounds, the so-called 18-valence elec-
trons semi-(or half-)Heusler compounds, such as CoTiSb,
FeVSb, or NiTiSn, are renowned semiconductors exhibit-
ing remarkably high-temperature thermoelectric prop-
erties [19, 27-33]. Alternative approaches, like cation-
deficient 19-valence electron semi-Heusler compounds
[34] or Rubik’s-cube-like Heusler semiconductors [35],
have been proposed to tailor thermoelectric properties as
desired. In seeking spin-gapped metals within the semi-
Heusler compounds, deviating from the 18-valence elec-
trons semiconducting Heusler compounds seems a logical
step. To pursue this objective, we conducted a search
in the Open Quantum Materials Database (OQMD) [36]
and identified 33 semi-Heusler compounds, as outlined
in Table I. These compounds typically possess 17 or 19
valence electrons per unit cell, though some exceptions
with 16, 20, or 21 valence electrons exist. Our initial
criterion for selecting compounds for the study was their
formation energy, Ffom, which we aimed to be negative,
with a few exceptions like FeVSn and CuVSb included
for completeness, as their values were close to zero de-
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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-j). The arrows represent the two possible spin directions. The horizontal line depicts the Fermi level EFr. NM stands

for normal-metal and SC for semiconductor.

spite being positive. However, negative Fs,, alone does
not guarantee stability. The convex hull distance AFE.qy,
which represents the energy difference between the stud-
ied structure and the most stable phase or a mixture
of phases, is also crucial. Typically, values less than 0.2
eV /atom are desired to facilitate the growth of a material
in a metastable form, such as a thin film or a nanostruc-
ture. All materials selected from OQMD for our study
exhibit AFE,,, values less than the cutoff of 0.2 eV /atom,
except for CuVSb, which has a value of 0.24 eV /atom.
The formation and convex hull distance energies from
OQMD are detailed in Table I.

Computational details: The bulk semi-Heusler com-
pounds XY Z crystallize in the cubic C1y, lattice struc-
tures (see figure 2 in Ref.15). The space group is the
F43m and actually consists of four interpenetrating f.c.c.
sublattices; one is empty and the other three are occupied
by the X, Y, and Z atoms. The unit cell is an f.c.c. one
with three atoms as a basis along the long diagonal of the
cube: X at (000), Y at (311) and Z at (332) in Wyckoff
coordinates. We adopted the lattice constants calculated
in the Open Quantum Materials Database (OQMD) for
all thirty-three materials [36], and we present them in
the second column in TableI. Our tests show that the
lattice constants presented in OQMD), where the Perdew-
Burke-Ernzerhof (PBE) functional has been used for the
exchange-correlation potential [37], differ less than 1 %
from the PBE equilibrium ones calculated with the elec-
tronic band structure methods employed in the current
study.

The ground-state first-principles electronic band-
structure calculations for all studied compounds were
carried out using the QUANTUMATK software package
[38, 39]. We use linear combinations of atomic orbitals
(LCAO) as a basis set together with norm-conserving
PseudoDojo pseudopotentials [40]. The PBE parame-
terization to the generalized-gradient-approximation of
the exchange-correlation potential is employed [37]. Note
that due to the metallic character of the compounds un-
der study, the GGA provides a more accurate descrip-
tion of the ground state properties concerning more com-
plex hybrid functionals [33, 41]. For determination of the
ground-state properties of the bulk compounds, we use a
16 x 16 x 16 Monkhorst-Pack k-point grid [42].

For the effective Coulomb interaction parameters
(Hubbard U and Hund exchange J in TableII) we fol-
lowed the same ab-initio method already employed in
Refs. 43 and 44 for the Mn-based full Heusler compounds.
First, we performed non-magnetic ground state calcula-
tions using the full-potential linearized augmented plane
waves (FLAPW) method as implemented in the FLEUR
code [45]. Then we employed the SPEX code [46] to cal-
culate the effective Coulomb parameters within the con-
strained random-phase-approximation (cRPA). The cal-
culated U and J are then used to determine the Stoner
parameter I = (U + 6J)/5 [47]. Note that in Ref. 47
the authors have shown that electron correlation reduces
I by roughly 40% and thus one has to scale down the
Stoner parameter by a factor a = 0.6.

To calculate the Curie temperature for the spin-gapped



TABLE I. Lattice constants ag, valence electron number Zr, sublattice and total magnetic moments, spin polarization at the
Fermi level (see text for definition), spin gap type per spin direction, the distance of the Fermi level from the edge of the band

which it crosses W{,’,E(T/ 4

(see text for more details), energy gap per spin direction E;jEﬁ/ H , formation energy (Eform), convex

hull distance energy (AFEcon) in parenthesis, and calculated Curie temperatures for the compounds under study. The ao, Eform
and AFcon values are taken from the Open Quantum Materials Database [36].

Compound ao 7T mx my Miotal  SP Spin gap type WL’IE”/U Eé,E(T/L) Etorm (Eoon) Tc
XyZz (A) (45) (u8)  (n8) (%) (eV) (eV) (V/at)  (K)
Spin-gapped metals
FeZrSn 624 16 -2.03 0.18 -1.90 64 p-type-1/p-type-{  1.14/0.17  0.74/0.55 -0.22 (0.19) 74
FeHfSn 6.19 16 -1.86 0.17 -1.74 28 p-type-1T/p-type-l  1.09/0.31  1.18/0.55 -0.18 (0.16) 98
FeTiSh 594 17 145 053  -0.95 68  p-type-t/p-type-l 0.58/0.12 0.47/0.76 -0.39 (0.04) 220
FeZrSb 6.15 17 -1.34 034 -1.00 100 p-type-1/SC-{ 0.64/ 0.90/ -0.45 (0.03) 255
FeHfSb 6.11 17 -1.26 0.27 -1.00 100 p-type-1/SC-{ 0.60/ 1.28/ -0.39 (0.00) 240
FeVSn 587 17 -1.85 1.03 -0.88 36 NM-1/p-type-} /0.15 /0.59  0.06 (0.18) 215
FeNbSn 6.00 17 -1.38 0.40 -1.00 100 p-type-1/SC-{ 0.70/ 0.16/ -0.10 (0.06) 220
FeTaSn 599 17 129 032  -1.00 100 p-type-t/SC-| 0.70/ 0.56/ -0.06 (0.09) 225
CoTiSn 593 17 -0.42 -0.45 -0.94 T4 p-type-1/p-type-l  0.37/0.06  0.94/0.84 -0.38 (0.07) 70
CoZrSn 6.15 17 -0.67 -0.18 -0.95 &1 p-type-T/p-type-]  0.41/0.09 0.97/0.74 -0.46 (0.05) 80
CoHfSn 6.11 17 -0.55 -0.15 -0.79 66 p-type-1/p-type-{  0.38/0.24  1.02/0.71  -0.43 (0.04) 85
RhTiSn 6.17 17 -0.07 -0.73 -0.87 70 p-type-1T/p-type-l  0.56/0.09  0.63/0.65 -0.60 (0.06) 140
IrTiSn 620 17 -0.08 -0.61 -0.76 33  p-typet/p-type-l 045/0.13 0.71/0.67 -0.61 (0.02) 100
NiTiln 599 17 -0.04 -0.81 -0.97 97 p-type-1/p-type-l  0.51/0.01 0.30/0.49 -0.18 (0.18) 170

NiZrIn 622 17 -0.11 -0.31 -0.55 53  p-type-t/p-type-l 0.49/0.34 0.30/0.30 -0.31 (0.12) 5
PdTiln 6.23 17 -0.03 -0.87 -0.99 99 p-type-1/p-type-l  0.50/0.04  0.38/0.45 -0.31 (0.15) 160
PtTiln 6.24 17 -0.04 -0.84 -1.00 100 p-type-1/SC-{ 0.45/ 0.78/ -0.56 (0.10) 200
CoVSb 581 19 -0.33 1.41 1.00 100  n-type-1/SC-} 0.79/ 0.35/ -0.19 (0.07) 325
RhVSb 6.07 19 -0.21 1.33 1.00 100  n-type-1/SC-} 0.87/ 0.25/ -0.31 (0.10) 180
IrVSb 607 19 -021 126 1.00 100 n-type-t/SC-| 0.99/ 0.28/ 029 (0.15) 225
PdTiSb 6.24 19 -0.04 0.98 0.89 87 n-type-T/n-type-]  0.59/0.19  0.49/0.41 -0.51 (0.09) 220
PtTiSb 6.26 19 -0.05 1.05 0.99 93 n-type-T/n-type-]  0.53/0.02  0.74/0.78  -0.65 (0.11) 178
NiVSn 587 19 -0.03 1.15 1.00 100  n-type-1/SC-} 0.41/ 0.67/ -0.08 (0.15) 117
NiVSb 588 20 0.03 2.12 2.00 100  n-type-1/SC-} 0.68/ 0.80/ -0.12 (0.13) 670
CuVSb 6.06 21 004 304 295 40  n-type-t/NM-| 1.44/ 0.15/ 0.21 (0.24) 635

Gapped metals

NiHfIn 6.16 17 0.00 000 000 0 p-type-1/p-type-L  0.45/0.45 0.32/0.32  -0.26 (0.17)
CoNbSb 597 19 0.00 0.00 0.00 0 n-type-1/n-type-|  0.57/0.57  0.95/0.95 -0.22 (0.15)
CoTaSb 596 19 0.00 0.00 000 0 n-type-t/n-type-l  0.53/0.53  1.17/1.17  -0.14 (0.20)
NiTiSbh 593 19  0.00 0.00 000 0 n-type-1/n-type-l  0.69/0.69  0.61/0.61 -0.52 (0.05)
NiZrSb 6.15 19 0.00 0.00 0.00 0 n-type-T/n-type-]  0.88/0.88 0.75/0.75 -0.62 (0.03)
NiHfSb 610 19 000 000 000 0 n-type-1/n-type-l  0.96/0.96  0.67/0.67 -0.53 (0.06)
NiNbSn 6.00 19 0.00 0.00 0.00 0 n-type-1/n-type-|  0.73/0.73  0.88/0.88  -0.19 (0.09)
NiTaSn 599 19 0.00 0.00 0.00 0 n-type-T/n-type-]  0.87/0.87 0.83/0.83 -0.11 (0.13)

metals in Table I, we employed a Monte-Carlo technique
similar to the study of spin-gapless semiconductors in
Ref.48. First, as in Ref [32], the Heisenberg exchange
constants are calculated by employing the Liechtenstein
formalism [49] within the full-potential linear muffin-tin
orbital (FP-LMTO) code RSPt [50]. Then the calculated
exchange parameters are used as input for the Monte-
Carlo technique to calculate the magnetic susceptibility
[48]. The Curie temperature is determined by the diver-
gence of the susceptibility (see [48] for details).

Finally, we should note that according to our tests, all
three QuantumATK, FLAPW, and FP-LMTO methods
provide very similar electronic structure for the systems
under study.

Results and discussion: In the first step of our study,
we have chosen thirty-three semi-Heusler compounds

as discussed in preceding section and calculated their
ground state properties. In TableI we have compiled our
results. We have eight compounds that are non-magnetic
and belong to the gapped metals. Among them, only Ni-
HfIn has 17 valence electrons per unit cell while the other
seven have 19 valence electrons. Since the 18 valence elec-
trons compounds are semiconductors, one would expect
NiHfIn to be a p-type gapped metal with the Fermi level
crossing the valence band and the rest n-type gapped
metals with the Fermi level crossing the conduction band.
Our calculated band structures confirm these predictions
as shown in Tablel. In TableI we also include the dis-

tance of the Fermi level from the edge of the band which

it crosses, WfﬁE(T/U, i.e., for the n-type case, it is the dis-

tance from the conduction band minimum and for the p-
type case the distance from the valence band maximum.
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FIG. 2. Spin-resolved total density of states for selected gapped and spin-gapped Heusler compounds.
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The zero energy

corresponds to the Fermi level. Arrows depict the two spin directions.

The W&E(T/ 4 value is followed by the Eé’E(T/ +) one which
is the width of the energy gap. For each quantity, we pro-
vide two values separated by a slash corresponding to the
two spin directions. As it is obvious for the gapped met-
als the values for both spin directions are identical. Both
WLE(/D) ang gLECD

comparable.

values are less than 1 eV and are

The rest twenty five compounds under study are spin-
gapped materials as shown in Tablel. The ones with
less than 18 valence electrons per unit cell have nega-
tive total spin magnetic moments per unit cell and are
p-type spin-gapped metals. The compounds with more
than 18 valence electrons, on the other hand, have pos-
itive total spin magnetic moments and are n-type spin-
gapped metals. All n-type (p-type) spin-gapped metals
are not identical concerning their density of states. As
shown in Tablel there are several cases where the two
spin band structures have a different character, i.e., the
one spin channel presents either a normal metallic (NM)
or semiconducting (SC) behavior while the other spin
channel presents a n(p)-type spin-gapped metallic be-
havior. To make this clear, in Fig.2 we have gathered
the total DOS for some selected compounds and com-
pared them with the schematic representations in Fig. 1.
NiHfIn and NiHfSn are p-type and n-type gapped met-
als, respectively. FeTiSb presents p-type spin-gapped

metallic behavior for both spin directions. FeZrSb and
FeVSn present p-type behavior for one spin direction and
semiconducting (normal metallic) for the other. Simi-
larly, PdTiSb, CoVSb and CuVSb present n-type spin-
gapped metallic behavior for one spin direction and n-
type/semiconducting/normal-metallic behavior for the
other spin direction. None of the studied compounds
presents an electronic band structure similar to the j
panel in Fig. 1, where one spin-band is n-type and the
other p-type. One could envisage that this behavior can
be identified in another class of Heusler compounds like
the equiatomic quaternary Heuslers since several of them
are type-II spin-gapless semiconductors [51, 52]. Actually
in Ref. 53 (see figure 1), MnVTiAs compound combines
a p-type gapped metallic behavior for the spin-up band
structure with an n-type gapped metallic behavior for the
spin-down electronic band structure. In this article, this
behavior was referred to as ”indirect spin-gapless semi-
conductors” since the concept of ”spin-gapped metals”
was not known.

In Tablel, we have also included the atom-resolved
spin magnetic moments for the two transition atoms in
each compound, the spin-polarization SP at the Fermi
level, and the Curie temperature. The atomic spin mag-
netic moments do not present any peculiarity. The tran-
sition metal atoms from Ti to Co are the ones carrying



TABLE II. The d-orbitals, effective Coulomb interaction parameters (Hubbard U and Hund exchange J) between the localized

d-orbitals, the Stoner parameter I, and the total density of states at the Fermi level (N(Er)).

The next columns present

the product I - N(EFr) and the same product multiplied by the o = 0.6 coefficient (see text for details). Note that the slash
separates the values for the two transition metal atoms X and Y in the chemical formula of the compound. The values in the
third to eighth columns have been obtained using non-spin polarized calculations.

XYz Orbitals U(eV) J(eV) I(eV) N(Er)(eV™h) I-N(Er) a-I-N(Ep)
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
CuVSb 3d/3d 5.00/2.03 1.17/0.61 2.40/1.14 0.20/4.40 0.48/5.00 0.29/3.00
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
CoTaSh 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

significant spin magnetic moments. On the other hand,
the Ni/Cu atoms as well as the 4d and 5d transition
metal atoms carry much smaller atomic spin magnetic
moments. The spin-polarization SP at the Fermi level is
defined as the difference between the number of spin-up
NT(Er) and spin-down N*(Ep) electronic states at the
NT(Ep)—N*(EFr)
NT(Er)+N¥(Er) "
The SP is positive in all cases and reaches an ideal 100%
value when the spin-down electronic band is semicon-
ducting. Finally, we also present the calculated Curie
temperatures T¢ for all spin-gapped metallic materials.
For most of the compounds, T¢ is larger than 200 K but
does not exceed the room temperature except NiVSb and
CuVSb for which it reaches a value of 670 K and 635
K, respectively. The smallest T value was obtained for
NiZrIn which is only 5 K. Curie temperature is crucial

Fermi level divided by their sum, SP=

for applications, but our study aims to provide proof of
the spin-gapless metallic concept.

The final part of our study concerns the origin of the
magnetic state in the spin-gapped metals and we have
gathered all related data in TableII. First, we performed
non-spin polarized calculations for all compounds and
computed the effective Coulomb interaction parameters
U and J following the same procedure as in Ref. 44. The
parameters were calculated for the valence d-electrons of
the two transition metal atoms. These parameters can be
used in principle to perform more elaborated electronic
structure calculations accounting for the electronic cor-
relations [54-57]. In our case these values were used
to calculate the Stoner parameter as discussed in the
second section. The Stoner criterion for magnetism is
I-N(Ep)> 1 where N(EF) is the number of electronic
states at the Fermi level in the non-spin-polarized case.



But as stated in Ref.47 the Stoner parameter must be
multiplied by a a = 0.6 coefficient to account for the
correlation effect. Thus the Stoner criterion becomes
a-I-N(Ep) > 1. When this condition is met, in the sce-
nario without spin polarization, the electronic charge at
the Fermi level reaches a sufficient magnitude, prompting
the compound to undergo a magnetic phase transition,
thereby reducing its electronic charge at the Fermi level
due to energetic favourability. If we study carefully the
values in TableII, the Stoner criterion is not fulfilled for
the gapped metals meaning that the non-spin-polarized
state is energetically favorable. Contrary, in the case of
the spin-gapped metals the Stoner criterion is fulfilled for
the valence d-states of at least one of the two transition
metal atoms. The strongest tendency for magnetism is
exhibited by NiVSb which has also the highest Curie tem-
perature among all studied compounds. The a-I-N(EF)
reaches a value of about 2 for the Ni-3d valence electrons
and slightly larger than 6 for the V-3d valence electrons.

Summary and conclusions: Gapped metals, a newly
identified category of materials, possess a band gap that
falls marginally above or below the Fermi level. This
unique characteristic allows them to inherently behave
as p- or n-type semiconductors, eliminating the need for
external doping. Inspired by this notion, we proposed the
concept of "spin-gapped metals”, which display intrinsic
p- or n-type characteristics independently for each spin
channel. Their attributes would resemble those of dilute
magnetic semiconductors, obviating the need for transi-
tion metal doping. We illustrated this novel concept us-
ing semi-Heusler compounds through first-principles elec-
tronic band structure calculations. Scanning the Open
Quantum Materials Database [36], we have chosen 33
semi-Heusler compounds with less or more than 18 va-
lence electrons per unit cell since the latter are well-
known semiconductors. We thoroughly examined their

electronic and magnetic attributes and have shown that
8 of them are gapped materials while the other 25 be-
long to this novel category of materials. The Stoner
criterion can be employed to explain the occurrence of
the magnetic state in these 25 Heusler compounds. Our
study of these novel spin-gapped metallic materials lays
the groundwork for novel technological applications of
Heusler compounds.
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