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High-throughput (HTP) ab initio calculations are performed on 27,865 Heusler compositions,
covering a broad range of regular, inverse, and half-Heusler compounds in both cubic and tetragonal
phases. In addition to conventional stability metrics, such as formation energy, Hull distance, and
magnetic critical temperature T, phonon stability is assessed by systematically conducting ab initio
phonon calculations for over 8,000 compounds. The performance of ab initio stability criteria is
systematically assessed against 189 experimentally synthesized compounds, and magnetic critical
temperature calculations are validated using 59 experimental data points. As a result, we identify
631 stable compounds as promising candidates for further functional material exploration. Notably,
47 low-moment ferrimagnets are identified, with their spin polarization and anomalous Hall/Nernst
conductivity calculated to provide insights into potential applications in spintronics and energy
harvesting. Furthermore, our analyses reveal linear relationship between 7. and magnetization in
14 systems and correlations between stability and atomic properties such as atomic radius and
ionization energy. The regular/inverse structures preference in X»YZ compound and tetragonal

distortion are also investigated for a broad Heusler family.

I. INTRODUCTION

Heusler alloys are renowned for their exceptional
magnetic and functional properties, including high-
saturation magnetization, substantial magnetocrystalline
anisotropy (MCA), elevated magnetic critical tempera-
ture (T¢), significant magnetocaloric effects, and notable
thermoelectric performance [1]. The unique combination
of these properties, along with the diverse compositions
within the Heusler family, has prompted extensive high-
throughput (HTP) studies to explore their potential for
various applications [2-11]. Previous HTP investigations
have primarily relied on stable compounds in various
databases, such as the Heusler database at the Univer-
sity of Alabama, the Open Quantum Materials Database
(OQMD), and the AFLOW database [9, 12, 13]. How-
ever, these databases are limited in the scope of the
Heusler compound family, restricting the exploration of
functional material candidates.

In HTP studies, the initial candidate pool is typically
narrowed by assessing the thermodynamic stability of
compounds. Thermodynamic stability is commonly eval-
uated using formation energy and distance to the con-
vex hull, which quantify stability relative to its decom-
position into constituent elements or competing phases.
However, the consideration of dynamical stability, ensur-
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ing that a compound does not undergo structural phase
transitions, is rarely incorporated into HTP frameworks
due to the computational cost and complexity of phonon
calculations in magnetic systems.

Since most of the intriguing properties of Heusler com-
pounds are related to magnetism, it is vital to ensure
the thermal stability of their magnetic configurations at
application temperatures. This stability is typically as-
sessed using T.. Previous studies have estimated T, us-
ing linear interpolation derived from experimental data
[6, 14-16]. Some efforts have also employed mean-field
theory combined with exchange interaction constants
from first-principles calculations to estimate T¢. [17, 18].
However, the reliability and accuracy of T, calculations
have not been thoroughly investigated against experi-
mental results in a comprehensive Heusler space.

The diversity of Heusler compounds arises not only
from their composition but also from the possible struc-
tures they can adopt for a given composition. Heusler
compounds with the XY Z composition can typically
crystallize in either regular or inverse structures, assum-
ing no chemical disorder. An empirical rule of structural
preference in X,Y Z Heusler compounds, referred to as
Burch’s rule in some studies, has been employed in var-
ious works [18-22]. While this rule has slightly different
descriptions in different works, the key point is that the
inverse structure is preferred when the Y element is lo-
cated to the right of the X element in the periodic table,
and vice versa. This empirical rule has been validated
by HTP ab initio studies containing a few hundred com-



pounds [18, 22], but its validity for a broader composi-
tional space is not clarified. Besides, Heusler compounds
typically crystallize in the cubic or tetragonal phase. The
tetragonal phase, also referred to as tetragonal distor-
tion, is essential for a material to exhibit MCA, which is
particularly critical for developing materials with strong
perpendicular magnetic anisotropy (PMA) [23].

Recently, Heusler alloys have also emerged as promis-
ing candidates for compensated ferrimagnet (CFiM) sys-
tems. Compared to traditional ferromagnetic (FM) ma-
terials, CFiM offers several advantages for spintronics ap-
plications due to its low moment, such as faster switch-
ing speeds, higher storage densities, and greater resis-
tance to external magnetic fields. [24]. Notably, CFiM
systems have inequivalent magnetic sublattices, enabling
conventional electrical reading and writing mechanisms
on FM systems, such as anomalous Hall effect (AHE),
tunnel magnetoresistance (TMR), spin-transfer torque
(STT), and spin-orbit torque (SOT) [24]. However, only
a few Mn-contained CFiM Heusler compounds have been
synthesized and investigated [25-34]. CFiM can be ob-
tained from low-moment ferrimagnet (FiM) by adjusting
the chemical composition and concentration. Thus, a
low magnetic moment FiM are potential candidates for
CFiM, but only a few systems have been proposed by
first-principles calculation [35-39]. Thus, an expanded
list of candidates taking stability into account is desired.

In this work, we conducted a HTP ab initio search
for stable Heusler compounds covering a broad range of
regular, inverse, and half structures in both cubic and
tetragonal phases, significantly expanding the pool of ma-
terials available for functional exploration. Stability was
assessed using conventional metrics such as formation en-
ergy, hull distance, and magnetic transition temperature.
Additionally, we incorporated phonon stability, a criti-
cal factor omitted in previous high-throughput investiga-
tions. To confirm the validity of our screening and mod-
eling procedure, we benchmarked the proposed stability
criteria against a dataset of 189 experimentally synthe-
sized compounds and the employed T, calculation meth-
ods against 59 experimental data points. This compre-
hensive analysis identified 631 compounds that satisfy all
stability criteria, marking them as promising candidates
for further functional material exploration. Notably, we
identified 47 low-moment FiM systems that meet all sta-
bility criteria. For these systems, we calculated the spin
polarization (SP), anomalous Hall conductivity (AHC),
and anomalous Nernst conductivity (ANC), providing in-
sights into their potential applications in spintronics and
energy harvesting devices.

Our comprehensive HTP result also revealed signifi-
cant linear relationships between T, and magnetization
in 14 systems. We also observed correlations between
compound stability and fundamental atomic properties
such as atomic radius and ionization energy. Addition-
ally, we confirmed that inverse Heusler compounds gen-
erally exhibit a lower electronegativity for the X element
compared to the Y element, alongside a comparable co-

valent radius difference between these elements. Finally,
we confirmed that tetragonal distortion correlates with a
high density of states at the Fermi level in the cubic phase
for XoY Z compounds. We also found that this correla-
tion extends to the studied half-Heusler compounds.

II. METHODOLOGY
A. Composition and structure

This HTP study investigates an extensive set of con-
ventional Heusler compounds, as illustrated in Fig. 1 (a).
The regular and inverse Heusler compounds share the
X5Y Z composition, while half-Heusler compounds adopt
the XY Z composition. The regular and inverse struc-
tures are identical when the X and Y elements are the
same, resulting in an X3Z composition. We considered
all combinations of elements where X and Y are tran-
sition metals from the d-block (excluding Tc and Hg),
and Z is a main group element from groups 13, 14, or
15 in the p-block, as depicted in Fig. 1 (a). For the X
element, we additionally considered La and Lu, whose 4f
orbitals are empty or fully occupied. This comprehen-
sive screening resulted in a total of 27,864 compounds,
including 9,072 regular, 9,072 inverse, 9,396 half-Heusler
compounds, and 324 X3Z compounds.

For regular and inverse Heusler compounds, the cu-
bic regular structure belongs to the Fm3m space group,
with the X, Y, and Z atoms occupying the 8c (%, i, i),
4b (%, %, %), and 4a (0,0,0) Wyckoff positions, respec-
tively. The cubic inverse structure belongs to the Fm43m
space group, with the X;, Xo, Y, and Z atoms at
dc (iv iv %)7 4b (%a %a %)a 4d (%7 %’ %)7 and 4a (07070)
Wyckoff positions, respectively. Half-Heusler compounds
with XY Z composition adopt the cubic Fm43m space
group, where the X, Y, and Z atoms occupy the
4c (%, i, i), 4b (%, %, %), and 4a (0,0,0) Wyckoff posi-
tions, respectively. The tetragonal variants of regular, in-
verse, and half-Heusler structures belong to the I14/mmm,
I4m2, and I4m2 space groups for regular, inverse, and
half structures, respectively.

B. Workflow for high-throughput calculation

The workflow of the high-throughput ab initio calcula-
tion is schematically shown in Fig. 1(b), which we elab-
orate below.

a. Cell parameter optimization The initial struc-
tures of cubic Heuslers XoY Z (or XY Z) were generated
using a primitive cell containing one formula unit, where
the initial lattice constant, ai,;, was set to the value re-
ported in the OQMD for the same Heusler if available.
When an OQMD calculated result was not available for
XoYZ (or XY Z), the corresponding a;,; value was es-
timated by simply taking the average of the a values of
the OQMD-calculated Heuslers X2V Z’ (or XY Z’) that
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(a) The compositions covered in the high-throughput search and distribution of stable compositions.
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Under each

element, the number of compounds that contain this element and meet the stability criteria (AE < 0.0 eV/atom and AH <
0.3 eV/atom, and wmin = 0) is shown. (b) Workflow of the high-throughput search for stable Heusler compounds.

share the same X and Y elements. The cell parameters
were then optimized by using the Vienna ab initio Simu-
lation Package (VASP) [40-42]. For each composition, we
considered various initial magnetic configurations follow-
ing Ref. [43]. Specifically, for the regular Heusler X,Y Z
and half Heusler XY Z, the X-site magnetic moment can
either be parallel or antiparallel to the Y-site magnetic
moment. For each spin configuration, we tested two mag-
nitudes for the local magnetic moment, i.e., |m;| = 1
and 4 pp, to explore potential high-spin and low-spin
states. Hence, four initial magnetic configurations were
considered. In the case of the inverse Heusler XoY Z, the
spin moments at the two X sites can be antiparallel, so
we considered eight initial configurations in total. After
the structure optimizations were finished, the final ener-
gies and magnetic moments were compared to identify
inequivalent (meta) stable states.

b. Tetragonal distortion For each inequivalent
(meta) stable magnetic state identified, the cubic
primitive cell was converted into a conventional cell
containing two formula units, and the c-axis length was
changed from its original value by +2%, +10%, +30%,
and +50%. The cell parameters were then optimized
further from these initial structures using VASP to
explore potential lower-energy tetragonal phases. After
the optimization, the structure with the lowest energy
was identified as the ground state for the composition
XY Z (or XY Z).

c.  Thermodynamic stability For a compound to be
stable against decomposition into its constituent ele-
ments, the formation energy (AFE) must be negative.
In addition, a compound is considered thermodynami-
cally stable if its energy is lower than that of all possible
competing phases. This relative stability can be evalu-
ated by the distance to the convex hull (AH), and only

compounds on the convex hull (AH = 0) are thermo-
dynamically stable in the strict sense. However, it is
possible that metastable phases (H > 0) at zero Kelvin
become most stable at finite temperatures or under exter-
nal strain. Indeed, previous studies reported that many
metastable compounds had been synthesized experimen-
tally as long as H is reasonably small [44]. Hence, we
relax the criterion and assume compounds to be ther-
modynamically stable if AH < 0.3 eV /atom, which was
chosen based on the analysis in the previous work. This
choice is reasonable also for the Heuslers, as we will
demonstrate below. To summarize, compounds satisfy-
ing both AE < 0.0 eV/atom and AH < 0.3 eV/atom
were deemed thermodynamically stable and subject to
dynamical stability analysis.

d. Dynamical stability For assessing the dynamical
stability of Heuslers, phonon calculations were conducted
within harmonic approximation using the ALAMODE
package [45, 46]. The dynamical stability was assessed
based on the presence/absence of unstable phonon modes
on the g points commensurate with the supercell size. In
this work, a 2v/2 x 24/2 x 2 conventional cell contain-
ing 32 formula units was employed; hence, there are 32
commensurate g points in the first Brillouin zone (BZ).
If any of the eigenvalues of the dynamical matrix, i.e.,
the squared phonon frequencies {wgy}, were negative at
the commensurate g points, the compound was assessed
to be dynamically unstable. If all wa, values were non-
negative, the compound was assumed to be dynamically
stable and subject to the subsequent property calcula-
tions.

e. Property calculations The dynamically stable
compounds were further split into magnetic and nonmag-
netic systems. If the absolute sum of local magnetic mo-
ment per formula unit, ), |m;|, is larger than 0.1 g, the



system was considered magnetic. For the magnetic sys-
tems, the T, was evaluated using the spin-polarized rel-
ativistic Korringa-Kohn-Rostoker (SPRKKR) code [47],
and compounds having T; higher than 300 K were identi-
fied. Among them, we identified compounds that simul-
taneously satisfy » . |m;| > 0.5 ug and |, m;| < 0.5
up as CFiM candidates, for which the ANC and AHC
were computed systematically by using Wannier90 [48,
49].

C. Computational methods

Density functional theory (DFT) calculations were
mainly conducted using VASP [40, 50]. The projector
augmented wave method and the generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE) functional were used [41, 42]. A plane-wave energy
cutoff of 520eV was applied, and the BZ was sampled
using an automatically generated k-point mesh by set-
ting KSPACING=0.2 A~! except for the body-centered
tetragonal (bct) lattice; for the bet lattice, the k-mesh
was generated using the Python Materials Genomics (py-
matgen) library with a reciprocal density of 450 A3, The
Methfessel-Paxton smearing [51] with widths of 0.05eV
and 0.1 eV was employed for structural optimization and
phonon calculations, respectively. For electron density
of states (DOS) calculations, the primitive cell was used
and k-mesh was generated using pymatgen with a denser
density of 1000 A3, and the tetrahedron method with the
Blochl corrections was used [52].

The formation energy (AFE) was calculated as the en-
ergy difference between the Heusler compound and its
elemental constituents. The most stable elemental ref-
erence structures were obtained from the OQMD and
then relaxed by VASP further using the DFT parameters
described above to obtain the energies of the elemental
constituents. The AH values were calculated using the
formation energies computed for the Heuslers and those
of the competing phases obtained from the OQMD (ver.
1.6). The HTP optimization scripts utilized the pymat-
gen package to generate input files for different initial
structures using recommended pseudopotentials [53, 54].
Also, the Atomic Simulation Environment (ASE) toolkit
[55] and the spglib [56] were employed for the structure
file manipulation and symmetry analysis, respectively.

The phonon calculations were performed based on the
supercell approach, as implemented in ALAMODE. Each
atom in the supercell was displaced from its equilib-
rium position by 0.01-0.02 A, and the atomic forces in
the displaced configurations were computed using VASP.
The second-order interatomic force constants (IFCs) be-
tween the atoms in the supercell were fitted to the
displacement-force dataset, and the dynamical matrix
was constructed from the IFCs to obtain the phonon fre-
quencies. Phonon calculations for magnetic systems pose
unique challenges, as small atomic displacements can al-
ter the magnetic configuration in certain compounds. To

circumvent this issue, we employed a two-step approach.
First, a static DFT calculation was performed for the
supercell without displacing atoms, and the resulting
charge density was saved. Second, the DFT calculations
for the displaced configurations were performed using the
charge density obtained in the first step as initial values.
Here, we also fixed the total magnetic moment to the
desired value, as implemented by the NUPDOWN tag
in VASP. We confirmed that this approach resulted in
consistent magnetic moments for the displaced configura-
tions in almost all cases. In-house scripts were employed
for high-throughput phonon computations.

The T. values were determined within the mean-field
approximation using the exchange interaction constants
Jij [57]

2

To = 2
7 3kp

Jmax» (1)
where Jy,ax denotes the largest eigenvalue of the J#” ma-
trix defined as J =37, Jo;. Here, the index 0 is a
fixed site in sublattice p, and the summation runs over all
sites in sublattice v. J;; values were calculated using the
Liechtenstein formula, implemented in SPRKKR [58].
The exchange-correlation effects were treated within the
PBE functional. The optimized structures by the VASP
calculations were employed, and the local magnetic mo-
ments {m;} from the VASP calculations were used as the
initial values. We confirmed overall consistency between
the {m;} values obtained using SPRKKR and VASP, as
shown in Fig. S2 in Supplemental Materials. The k-
point mesh for the self-consistent and J;; calculations
was 28 x 28 x 28, and the basis set NL was set to 4. The
cutoff radius flag CLURAD was set to 5 in the J;; calcu-
lation, with which we confirmed convergence in T.. Re-
sults employing the atomic sphere approximation (ASA)
or full-potential (FP) method were computed [59]. The
HTP T, calculation scripts utilized the ASE2SPRKKR
package to generate input files from the optimized struc-
tures [60, 61].

The anomalous Hall conductivity (o4,) was calculated
using the Kubo formula in terms of the Berry curvature,
as implemented in the Wannier90:

2 dk
Ogy = —% Zf (Enk) Qn,zy(k)> (2)

Bz (2m)3

where h,e, €k, f, and €, ., represent the reduced
Planck constant, positive elementary charge, eigenen-
ergy, Fermi distribution, and Berry curvature, respec-
tively. The Berry curvature is defined as

Uy |mk)(mk|t,|nk)

(enk - €mk)2

Dy (k) = —207Im (nk|
m(#n)

) (3)

with 9, (9,) being the k; (k,) component of the veloc-
ity operator, and |nk) representing the eigenstate. From
the DFT band structure, Wannier functions were gen-
erated using the selected columns of the density matrix



(SCDM) method [62, 63]. The anomalous Nernst con-
ductivity (ag,) at finite temperature T' was calculated
from the energy-dependent anomalous Hall conductivity
ozy(€)[64, 65]:

1 df (e, T
Qgy(T) = 7 /de (e — u)%aw(e,T =0) (4)
where p is chemical potential and set to Fermi energy in
the calculation. To realize integrations over the BZ in
04y calculation, a k-mesh of 150 x 150 x 150 points was
used. The ay, values were evaluated using o, (e) within
a 0.8 eV energy window around the Fermi energy.

III. RESULTS

After relaxation, a total of 106,235 structures were
identified, comprising 27,864 ground states and 78,371
metastable states. The stability of the ground states
was further evaluated. Among these ground states, 8,191
(29.4%) satisfied the thermodynamic stability criteria of
AE < 0.0 eV/atom and AH < 0.3 eV/atom. For
the 8,191 screened compounds, we attempted ab initio
phonon calculations and successfully obtained phonon
frequencies for 8,180 compounds. For the remaining 11
cases, the phonon calculation results were not success-
ful nor reliable either due to a convergence issue in DFT
calculations or a large fitting error in the force constant
estimation. Hence, these compounds were excluded from
the subsequent calculations. Out of the 8,180 phonon
computed compounds, 4,011 (14.4%) were identified dy-
namically stable, which include 1,898 regular, 1,192 in-
verse, 81 X3Z, and 840 half-Heusler compounds. These
findings underscore the importance of incorporating com-
prehensive stability metrics for efficient material discov-
ery, highlighting that phonon stability can significantly
narrow the candidates’ list. In Fig. 1(a), the number of
compounds that contain the corresponding element and
meet the stability criteria is shown under each element.

For magnetic applications, it is essential that com-
pounds exhibit a magnetic configuration that is stable at
operational temperatures, typically room temperature.
Among thermodynamically and dynamically stable com-
pounds, 1,356 compounds have been identified as mag-
netic satisfying > .. [7i| > 0.1 pp. Of these, 631 com-
pounds have a T; exceeding 300 K, including 240 regular,
291 inverse, 24 X357, and 76 half-Heusler structures. The
FP T, corrected by a factor of 0.85 were used. The vali-
dation of T, calculation method is included in subsection
IV A. The full list of stable magnetic compounds is in-
cluded in the Supplemental Material.

Among the stable compounds, 47 low-moment FiM
systems are identified, characterized by a total mag-
netization [myot| = | ;ccen M| smaller than 0.5 up
and ), . Im| larger than 0.5 up. These systems are
listed in Table I. In previous work, it was proposed
that compounds containing 24/18 valence electrons for
X2Y Z /XY Z composition and Mn element are promising

candidates, and several such compounds were found by
first-principle calculations [35-37]. Our finding expands
the list of low-moment Mn-containing compounds. We
also find that Cr-containing compounds CroYZ (Y'=Pd,
Pt, Rh) can also exhibit low moments. Two V-containing
compounds and a Ti-containing compound are also iden-
tified. It should be noted that the Slater-Pauling rule is
not valid for some compounds, while the valence electron
number is close to the magic number 24 or 18. As sug-
gested by the appearance of MnCrAs compound, we ex-
pect that quaternary type Heusler compounds containing
Mn and Cr can exhibit small |my.¢| values, potentially
providing more CFiM candidates.

To aid in the discovery of functional materials, we cal-
culated the SP, AHC, and ANC to evaluate their poten-
tial performance, as listed in Table I. Notably, 17 com-
pounds exhibit a SP greater than 0.6, which corresponds
to a TMR of 112% according to the Julliere’s formula [66].
Among these, CroMnAs, MnCrAs, MnsOsGe, TisCrSn,
and CraolrAl stand out with the SP values of 0.85, 0.87,
0.89, 0.96, and 0.96, respectively. In a recent work,
low-moment FiM compounds TioMnZ (Z=Al, Ga) were
reported to exhibit promising AHC (253/268 Scm™!)
and ANC at room temperature (1.31/0.94 Am~1K~1)
by first-principle calculation [38, 39]. Among the newly
identified compounds, 12 compounds exhibit an AHC ex-
ceeding 250 S cm ™! and 8 compounds exhibit an ANC ex-
ceeding 1 Am~'K~!. Given that the Fermi level can shift
with variations in chemical composition and concentra-
tion in tuning for CFiM, we also present the maximum
AHC and ANC values within an energy window of 250
meV around the Fermi level, as detailed in Table I.

As an example of the identified functional CFiM com-
pounds, we show the calculated electronic band struc-
tures with and without spin-orbit coupling, the energy-
dependent AHC/ANC, and the phonon band structure
of inverse MnsRhAl in Fig. 2. The AHC shows a small
variance around the Fermi level, suggesting the potential
that total magnetization can be tuned by doping with-
out lowering its AHC. The structure is tetragonally dis-
torted with @ = 5.43 A and ¢ = 7.30 A whose local
magnetic moments are shown in Table I. This structure
exhibits AE = —0.48 eV /atom and AH = 0.07 eV /atom,
indicating its potential synthesizability. The energy of
the structure is 0.18 eV /atom lower than the most sta-
ble regular structure having the same chemical formula
MnyRhAl  Also, the AH value is lower than those of
the competing half Heuslers MnRhAl and RhMnAl by
0.60 and 0.43 eV /atom, respectively, suggesting the pre-
ferred stability in the inverse structure. We also found
another metastable inverse MnsRhAl that is less sta-
ble than the identified CFiM candidate only by 0.006
eV /atom. This competing structure is slightly distorted
with @ = 5.92 A and ¢ = 5.94 A, and its total mag-
netic moment is 1.90 up/cell, which are consistent with
the previously reported theoretical value for the cubic
inverse MnyRhAl [67]. Since the energy difference be-
tween the two inverse structures is small, experimental



TABLE 1. List of stable ferrimagnets with a total magnetization smaller than 0.5 up/f.u. and an absolute sum of local
magnetic moment larger than 0.5 up/f.u. The table provides the formation energy AFE (eV/f.u.), distance to the convex hull
AH (eV/fu.), total magnetic moment myot (up/f.u.), local magnetic moments mioe (1B), and magnetic critical temperature
T. (K) computed using the full-potential approach. Additionally, it includes the spin polarization SP, and electron density of
states DOS (states eV~ 'f.u.7") at the Fermi level, anomalous Hall conductivity o4y (S/cm), anomalous Nernst conductivity o,
(A/Km), and the maximum anomalous Hall/Nernst conductivity o5y~ /gy within an energy window of 250 meV around the
Fermi level. In type column, r/i/h represents regular/inverse/half, and ¢/t represents cubic/tetragonal. For easier comparison,
the total magnetic moment in units of emu/ cm?® and emu/g are also included in the full list of statble compouds in Supplemental
Material.

composition type AE AH miot Mioc T SP DOS Oy Opy Olay  Olgy™
CrzAuAl it —0.04 0.16 0.06 [—2.90,2.99,0.01,—0.01] 1932 0.52 3.28 —658.02 —718.50 0.42 —1.78
CraolrAl ic —0.28 0.19 0.01 [-2.05,2.11,0.00,0.00] 1310 0.96 6.10 —325.17 —603.50 —0.11 2.37
CraIrGe it —0.10 0.11 0.29 [2.53,—2.38,0.12,0.00] 1292 0.16 6.08 14.02 663.00 1.51 2.06
CraMnAs rt —0.03 0.10 0.03 [—1.42,—1.42,2.83,0.08] 760 0.85 4.81 342.97 689.58 0.83 —2.30
CraNiGe it —0.05 0.14 0.01 [2.29,—2.30,0.00,0.00] 1557 0.81 5.14 52.53 199.49 —0.12 1.00
Cre2PdAl it —0.16 0.29 0.10 [2.88,—2.83,—0.01,0.01] 1802 0.26 4.89 129.35 385.71 0.13 —1.19
CraPdAs it —0.03 0.17 0.21 [3.04,—2.92,0.05,0.02] 1518 0.02 3.91 —86.87 —390.94 0.42 —1.35
CroPdGa it —0.11 0.22 0.10 [2.93,—2.87,0.00,0.00] 1813 0.12 5.02 65.30 66.14 0.21 —0.51
CroPdGe it —0.08 0.19 0.04 [—2.80,2.85,0.00,0.00] 1811 0.68 3.34 —55.15 —66.43 0.09 —0.58
Crz2PdSn it —0.02 0.27 0.08 [-3.07,3.15,0.01,0.00] 1759 0.57 2.94 —18.76 —69.87 0.19 0.43
CraPtAl it —0.32 0.20 0.15 [2.78,—2.71,0.01,0.00] 1701 0.31 4.91 235.79 246.94 0.09 —1.04
Cr2PtGa it —0.23 0.10 0.11 [2.84,—2.78,0.02,0.00] 1734 0.19 4.75 100.26 —266.89 0.09 —1.26
Cra2PtGe it —0.16 0.08 0.05 [—2.72,2.80,—0.03,0.00] 1727 0.63 3.34 —149.56 —241.16 —0.57 1.17
CraPtIn it —0.05 0.21 0.00 [3.15,—3.16,—0.01,0.00] 1660 0.23 4.81 —47.10 176.52 0.11 —1.01
CraPtSi it —0.27 0.18 0.01 [2.46,—2.52,0.04,0.00] 1633 0.68 4.02 58.57 321.61 0.34 1.08
CrzPtSn it —0.10 0.21 0.04 [-3.01,3.07,—0.02,0.00] 1754 0.61 2.83 —181.73 —186.59 0.12 0.45
CraRhGe it —0.14 0.14 0.41 [2.66,—2.42,0.13,0.00] 1482 0.12 5.82 —280.10 —315.97 —1.20 —1.81
Cr2RhSb it —0.04 0.21 0.03 [—2.83,2.92,—0.06,0.01] 1621 0.67 3.52 9.60 —136.89 0.14 1.59
Cr2RhSn it —0.04 0.23 0.11 [2.95,—2.92,0.05,0.00] 1544 0.32 4.91 —185.02 —412.51 0.01 2.03
CrMnAs hc —0.04 0.14 0.00 [—2.50,2.60,0.00] 2244 0.61 2.82 541 202.19 0.32 0.89
MnyAgAl  ic  —0.02 0.17 0.33 [—3.08,3.38,0.03,0.01] 1218 0.56 4.82 220.09 297.21 0.12 —1.22
MnsAuln it —0.00 0.12 0.03 [3.61,—3.60,0.00,0.01] 782 0.11 5.45 —25.94 531.99 1.23 1.48
MnyCuAl it —0.18 0.01 0.20 [—2.56,2.77,0.00, —0.01] 1264 0.60 4.72 11.41 56.12 0.15 0.16
Mn,CuGa it —0.11 0.00 0.35 [—2.75,3.06,0.02,0.00] 1205 0.57 4.70 11.09 301.80 0.13 1.03
Mn,Ge ht —0.04 0.09 0.00 [—2.27,2.36,—0.04] 1751 0.69 3.28 9.30 119.51 —0.20 —0.36
MnoIrAl it —0.51 0.00 0.22 [—2.81,3.04,—0.01,0.00] 947 0.38 5.27 —846.32 —969.32 —0.91 —1.44
MnoIrGa it —0.39 0.00 0.20 [—2.93,3.13,—-0.02,0.01] 984 0.48 5.12 —836.28 —881.77 —0.92 —1.86
MnolIrIn it —0.15 0.01 0.05 [-3.32,3.38,—0.02,0.01] 888 0.64 4.95 —686.49 —717.11 0.11 0.94
MnsNiGe it —0.22 0.00 0.37 [—2.46,2.75,0.06,0.00] 917 0.32 5.02 —14.88 —97.78 —0.14 —0.69
MnyNiSn it —0.08 0.07 0.38 [-3.00,3.31,0.04,0.01] 761 0.40 6.08 167.06 273.11 0.38 0.81
Mn3OsGe it —0.13 0.00 0.03 [2.74,—2.85,0.16,—0.01] 706 0.89 3.54 194.50 497.76 0.92 —1.77
MnyPdIn it —0.15 0.11 0.28 [-3.46,3.67,0.04,0.01] 346 0.21 5.84 33.27 177.18 —0.01 1.53
MnoPdSn it —0.19 0.10 0.24 [-3.37,3.57,0.02,0.01] 743 0.13 4.80 22.92 —141.62 0.18 —0.52
Mn2PtSn it —0.23 0.09 0.04 [3.48,—3.43,0.00,0.00] 724 0.11 4.16 153.43 250.79 0.27 1.28
MnsReGe it —0.07 0.05 0.22 [2.48,—2.53,0.27,—0.01] 681 0.31 5.66 —564.75 —626.18 1.56 —1.76
MnoRhAl it —0.48 0.07 0.23 [-2.90,3.11,0.01,0.00] 1066 0.50 5.64 —510.42 —658.36 —0.13 1.54
Mn:RhGa it —0.40 0.00 0.16 [-3.06,3.21,0.00,0.01] 1102 0.56 5.52 —221.33 —548.43 0.33 1.12
MneRhIn it —0.19 0.03 0.01 [-3.46,3.46,0.00,0.01] 996 0.73 4.81 71.17 518.14 —0.60 —1.99
MnoRuGa it —0.25 0.00 0.23 [3.02,—3.01,0.23,—0.02] 1170 0.00 4.69 —191.07 377.05 —1.17 —1.59
MnoRuln it —0.00 0.05 0.14 [3.32,—3.35,0.18,—0.02] 1147 0.13 4.99 —-97.71 —625.15 —1.08 —1.78
MnoRuSb it —0.07 0.03 0.20 [—2.94,3.09,0.01,0.01] 568 0.41 6.35 —357.75 —692.35 —0.30 1.14
MneRuSn it —0.11 0.00 0.02 [3.13,—-3.22,0.13,—0.01] 850 0.80 5.01 278.54 579.82 —1.72 2.02
Mn-Si hc —0.19 0.18 0.01 [1.29,—1.33,0.02] 1137 0.67 0.53 —0.04 —304.74 0.05 —0.95
MnCrAs hc —0.13 0.05 0.00 [—1.45,1.45, —0.02] 1690 0.87 2.82 125.80 448.74 —0.16 —1.05
Ti,CrSn ic —0.13 0.19 0.00 [1.33,0.98,—2.64,0.02] 1691 0.96 3.73  56.23  85.79 —0.09 0.33
Va2ScGa ic  —0.05 0.25 0.30 [—1.43,1.57,0.15,0.00] 585 0.47 9.21 —468.32 —468.32 —1.08 —1.98
Vo TiSn ic —0.08 0.14 0.04 [1.42,-0.67,—0.69,0.00] 700 0.22 1.74 —25.56  88.31 0.07 —0.35
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FIG. 3. Structural preference and stability of MnaVZ,
Mn2CoZ, TizFeZ and VaFeZ compounds. The pie chart
slices are arranged by the Z element group. The inner cir-
cle indicates the stability categorized into three levels, while
the outer-circle color map represents the energy difference
E.cg — Einy in the range [—0.1, 0.1] eV/atom. Blue and red
indicate preference for regular and inverse structures, respec-
tively. Values outside this range are capped at the boundary
values.

realization of the CFiM candidate would require careful
optimization of the synthesis conditions.

Besides the discovery of promising candidates, the
comprehensive HTP dataset also provides insights into
the stability and structural preference in Heusler space.
For example, XoY Z has a preference for either the regu-
lar structure or the inverse structure over the other. For
visualizing the distribution of regular and inverse struc-
tures and their relative stability, pie charts were used, as
shown in Fig. 3, using MnsVZ, MnyCoZ, TisFeZ, and
VsoFeZ as examples. The pie chart slices are arranged by
the Z element. The inner circle indicates stability, while
the outer-circle color map represents the energy differ-
ence Free — Finy. In the inner circle, the stability level
is classified into three categories based on AE, AH, and
Wmin- Here, wyin is the minimum value of the computed
phonon frequencies on the commensurate g points and is
shown as a negative value when it is imaginary. Hence,
Wmin = 0 holds when the compound is dynamically sta-
ble. Given that the preference for regular or inverse struc-
tures is significant when the energy difference exceeds
0.1 eV/atom, the color map is capped at 0.1 eV /atom.
In these examples, Mns VAl and MnyVGa are both sta-
ble and prefer the regular structure, while MnyCoAl,
MnyCoGa, MnyCoGe, MnyCoSn, and Mny;CoSbh are sta-
ble and exhibit a preference for the inverse structure,

consistent with experimental data [6]. The coexistence of
regular and inverse structures has also been experimen-
tally observed in compounds such as TisFeAl, TisFeGa,
VaoFeAl, and VoFeGa [20, 21]. The pie charts in Fig. 3
show the small energy differences (Freg — Finy) in these
cases, which explain the coexistence of regular and in-
verse structures.

Using this visualization style, we generated a compre-
hensive stability and regular/inverse preference map for
all XoY Z compounds, shown in Fig. 4. The z- and y-axes
correspond to the X and Y elements, respectively, while
each pie chart represents the stability and structural pref-
erences of 12 compounds with varying Z elements. This
visualization style provides a clear and comprehensive
overview of stability and structural preferences over X,
Y, and Z compositions. Most stable inverse compounds
are distributed in the lower left corner of the map, align-
ing with the empirical rule. However, a significant num-
ber of stable regular compounds are also located in this
region. A detailed discussion of the regular/inverse pref-
erence is provided in subsection IV D.

We also generated maps for other competition pairs.
For compounds with the same X, Y, and Z elements,
the preference between XY Z and XY Z compositions
is determined by the Hull distance difference between
the half-Heusler and the lower energy regular or inverse
Heusler compound. For a given composition and atomic
arrangement, the competition between cubic and tetrag-
onal phases is determined by the energy difference be-
tween the two phases. Comprehensive maps illustrat-
ing the competition between XY Z/XY Z compositions
and cubic/tetragonal phases are provided in the Supple-
mental Material. These visualizations offer a clear and
comprehensive overview to aid further study in Heusler
compounds space.

IV. DISCUSSION
A. Magnetic critical temperature (7¢)

The T, values were computed within the mean-field ap-
proximation where the exchange coupling constants (.J;;)
were obtained using the magnetic force theorem, as im-
plemented in the SPRKKR code. The DFT calculations
based on the KKR method were performed either within
the ASA or using the FP method. To assess the reliability
of the computed T, values, we first compare the results
with experimental data from previous high-throughput
studies by Sanvito et al. [6] and Hu et al. [18], as shown
in Fig. 5 (a). Overall, the calculated T, values show good
agreement with the experimental data. The T, values ob-
tained using the ASA exhibit considerable scatter, some-
times exceeding and sometimes falling below the exper-
imental values. In contrast, the FP-base T, values are
consistently higher than the experimental data, which
is reasonable given the mean-field approximation’s ten-
dency to overestimate T, [68]. After applying a correction
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factor 0.85 to the FP-based T¢ values, the results align
well with the experimental data, achieving an R? score
of 0.87. This adjustment compensates for the overesti-
mation inherent in mean-field theory, and the result is
satisfactory for high-throughput screening purposes.
Additionally, a consistency check of the calculation
method was performed by comparing our calculated T
values with those reported by Hu et al. in Ref. [18],
which also utilized the SPRKKR code and shown as
a black empty circle in Fig. 5. In Ref. [18], T val-
ues were primarily calculated using the ASA, whereas
the FP-based computation was conducted only when the

magnetization from the ASA results was inconsistent
with the VASP magnetization. Consequently, some Tt
values align with our ASA results, while others align
with our FP-based calculations. Additionally, there
are four cases—CooMnAl, CosMnGa, MnyCoGa, and
MnyCoSn—where the results obtained by Hu et al. dif-
fer from both the ASA and FP values in our study.
These discrepancies arise from differences in the iden-
tified ground states.

A previous study identified a linear relationship be-
tween the experimental 7. and total magnetization in
Cog-based ferromagnetic Heusler compounds across 10
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along with FP results corrected by a factor of 0.85. Exper-
imental data are from Refs. [6, 18]. (b) The distribution of
calculated T, via FP approach as a function of absolute sum
of local magnetic moment . |m;| in 6 Heusler compound
systems.

different compositions [15]. Our calculated 7. values,
obtained via the FP approach, exhibit the same trend
in certain systems. Fig. 5 (b) illustrates the distribu-
tion of T, values for six Heusler compound systems as
a function of the absolute sum of local magnetic mo-
ments, >, |m;|. The total magnetization is generalized
to >, |m;| since there are FiM and AFM compounds in
our HTP results. Besides Co2Y Z compounds, this linear
relationship is also observed in other Heusler systems, in-
cluding ScoYZ, VoY Z, XoHtZ, XNbZ, and XTaZ, as
shown in Fig. 5(b). Notably, while the linear trend holds
across these systems, the slope varies. For instance, the
slope of XNbZ compounds is significantly steeper than
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TABLE II. Linear fit coefficients and R? scores for the cor-
relation between 7. and the absolute sum of local magnetic
moments, »_.|m;|. The linear relationship is expressed as
Te=ay_,|m;| + b. Results are presented for cases with data
points number N larger than 10 and R? scores exceeding 0.7.
system N a b R? system N a b R?
X2CoZ 96 217 —145 0.77 Lu2Y Z 33 146 —84 0.85
SceYZ 79 168 —36 0.87 Yo.YZ 31 116 —25 0.85
TiYZ 64 363 —163 0.71 X HfZ 28 155 27 0.78
VoYZ 64 241 —127 0.72 Xo2NbZ 24 164 8 0.79
XoTiZ 60 164 —41 0.73 Co2Y Z 132 220 —24 0.83
CoYZ 39 252 —69 0.77 FeoYZ 125 211 —141 0.73
XoScZ 37 124 38 0.72 XNbZ 12 363 —34 0.80

that of ScoY Z compounds. Overall, we identified five sys-
tems with an R? score exceeding 0.8 and nine additional
systems with an R? score above 0.7. The corresponding
linear fit coefficients and R? scores are listed in Table II.
For systems with high R? values, this linear relationship
can be used to estimate the T, of new compounds. The
distributions of T, values versus ). |m;|, categorized by
X orY element species, are provided in Fig. S3 and S4 in
the Supplemental Material, along with the corresponding
linear fit coefficients and R? scores.

The distribution of ferrimagnet (FiM) compounds
among the 1,356 magnetic materials is noteworthy.
Specifically, 12 (1%) are antiferromagnetic, and 636
(47%) are FiM. All FiM compounds contain one or more
of the following elements: Mn, Cr, Fe, V, Co, or Ti. The
counts of FiM compounds containing Mn, Cr, Fe, V, Co,
and Ti are 262, 123, 122, 120, 92, and 55, respectively.
In comparison, the counts of ferromagnetic compounds
containing these elements are 140, 41, 163, 47, 170, and
95, respectively. The ratio of FiM ordering is high in
compounds containing Mn, Cr, and V. This is in agree-
ment with a synthesis of such compounds in experiments
[69-71]. Detailed distributions of magnetic ordering, cat-
egorized by element species and full/inverse/half Heusler
structures, are presented in Fig. S5 of the Supplemental
Material.

B. Refine stability criteria using experimental data

The stability of Heusler compounds was evaluated us-
ing three criteria: formation energy (AF), Hull distance
(AH), and minimum phonon frequency (wmin). The dis-
tribution of X5Y Z composition compounds across these
metrics is shown in Fig. 6. For each X5Y Z composition,
the structure (regular or inverse) with lower energy is se-
lected. Formation energy values are evenly distributed,
peaking around 0 eV/atom. For minimum phonon fre-
quency, a sharp peak at Ocm™! reflects that approxi-
mately half of the thermodynamically stable compounds
are also phonon-stable.

To assess the reliability of these stability criteria,
we compare the stable compound dataset from first-
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principles predictions to experimentally synthesized com-
pounds from the Inorganic Crystal Structure Database
(ICSD) [72]. The ICSD contains 169 X2Y Z and 21 XY Z
Heusler compounds. The distributions of AE, AH, and
Wmin Of the ICSD-registered XoY Z compound are over-
laid in Fig. 6. Additional figures for XY Z compounds
are provided in the Supplemental Material.

Among the 169 X5Y Z compounds from the ICSD, 159
(94%) exhibit formation energies below 0eV /atom, un-
derscoring that negative formation energy is a robust nec-
essary condition for stability prediction with large recall.
A few ICSD compounds have positive calculated forma-
tion energies of up to 0.2 eV/atom. Since formation en-
ergy is calculated at 0K, the observed stability of these
compounds in experiments might be due to the stabiliz-
ing effect of entropic contributions at finite temperatures.
Additionally, the positive values could be attributed to
uncertainties in DFT calculations. In a compound search
task prioritizing the identification of as many candidates
as possible, a relaxed threshold of AF is a reasonable
choice.

The hull distance values for most ICSD-registered
Heuslers are close to zero. A few ICSD data extend
up to AH = 0.22 eV/atom, which is lower than the
AH < 0.3 eV/atom threshold used in the HTP workflow.
Using a threshold of AH < 0.22 eV /atom enhances pre-
cision without compromising recall of ICSD data, while
a stricter threshold of AH < 0.10 eV /atom can narrow
down the candidate list by 62% compared to AH < 0.22
eV/atom list, at the cost of a smaller recall (89%).

The distribution of wyi, for compounds with AE < 0
eV/atom and AH < 0.3 eV/atom is presented in Fig. 6,
including 159 compounds from the ICSD. Imaginary
phonon modes (represented as wpiy, < 0) indicate struc-
tural phase transitions and thus render the structures
dynamically unstable, as observed in compounds such
as PdyTiSn, PdyZrSn, and Pd,HfSn at low tempera-
tures [73]. Among the ICSD compounds, 124 (78%) ex-
hibit wyi, = 0, affirming that the calculated phonon sta-
bility serves as a good criterion for stability. The remain-
ing 35 ICSD compounds display wmiy values ranging from
—0.5 to —71.4 cm™! and two points at —111.0cm~! and
—308.9cm~!. The number of compounds with negative
wmin values decreases as the magnitude of wyi, becomes
larger.

These predictions are based on phonon dispersion
within the harmonic approximation. It should be noted
that this approach does not account for anharmonic ef-
fects, which can stabilize systems with imaginary phonon
modes at finite temperatures [45, 73, 74]. The 35 ICSD
compounds with negative wpi, values may become dy-
namically stable when anharmonic effects are included
at finite temperatures. However, due to the complex-
ity and high computational cost associated with treat-
ing anharmonic effects, a more practical strategy is to
use wmi, computed at the harmonic level and choose a
threshold value at a balance of precision and recall based
on the specific application. For instance, a threshold of



Wmin = 0 cm ™! is recommended for tasks prioritizing re-

liable candidates, whereas a threshold of wpy, > —70
cm ™! is suitable for identifying a broader range of poten-
tial candidates.

As shown in Fig. 6, applying stricter criteria increases
the precision of stability predictions, as the ratio of re-
moved compounds is larger in the HTP than the ICSD
data, while recall is reduced. Figure 7 illustrates the
number of the HTP compounds that meet various sta-
bility criteria applied sequentially and the number of
the ICSD-registered Heuslers included within this sub-
set. The z-axis represents the numbers/percentages of
HTP compounds that satisfy various stability criteria
applied sequentially. The number decreases as the cri-
teria become stricter. The y-axis represents the num-
bers/percentages of ICSD compounds included in each
set of HTP compounds. The location of the points in the
plot indicates the trade-off between precision and recall.
If a criterion has no correlation with stability, it would
fall on the gray diagonal line. By switching the order in
which AFE and AH are applied, it is clear that AH is
a more effective criterion for identifying thermodynami-
cally stable compounds.

When using the criteria AE < 0.0 eV/atom and
AH < 0.3 eV/atom, 4,058 (43%) of HTP compounds are
predicted to be stable, and 159 (94%) ICSD compounds
are correctly identified as stable. When wyyin = 0 cm™! is
added as a criterion, 2,173 (23%) of HTP compounds are
predicted to be stable, and 124 (78%) ICSD compounds
are correctly identified as stable. This demonstrates the
validity of the stability criterion choice in our workflow.

From Fig. 7, we can identify optimal criteria for differ-
ent HTP screening task types quantitatively. In a screen-
ing task prioritizing the identification of as many stable
compounds as possible, a relaxed threshold of AF is a
reasonable choice. Using criteria AE < 0.2 eV /atom and
AH < 0.22 eV/atom, 3,968 (42%) of HTP compounds
are predicted to be stable, and all ICSD compounds are
correctly identified as stable. This set of criteria offers
the best recall. Conversely, with the criteria AE < 0.0
eV/atom, AH < 0.10 eV/atom, and wpj, = 0 cm™1,
1,057 (10%) HTP compounds are predicted to be stable,
and 118 (70%) ICSD compounds are correctly identified
as stable. This set of criteria is expected to provide good
precision, albeit with a trade-off in recall.

Similar trends are observed for half-Heusler com-
pounds, where 1181 (13%) HTP compounds meet the cri-
teria of AE < 0.0 eV/atom and AH < 0.3 eV/atom. Of
21 half-type ICSD compounds, 19 meet the same criteria.
The exception CuMnSb has small AE = 0.05 eV /atom
and AH = 0.07 eV/atom. While the other exception
CoCrAl has large AH = 0.44 eV /atom, the reported ex-
perimental structure of CoCrAl has Cr occupying 50%
(3,3.%) and 50% (3,2, 3) Wyckoff positions, which is
not standard half Heusler structure used in our compu-
tation [75]. The stability observed in experiments may
be due to the disorder. When wy,i, = 0 cm™! is added as
a criterion, 842 (9%) HTP compounds are predicted to
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be stable, and 18 (85%) ICSD compounds are correctly
identified as stable.

C. Stability and atomic feature

From the HTP calculation results, a correlation be-
tween stability and atomic properties is identified. For
XoY Z compounds, stability is favored when the Z ele-
ment has a small atomic radius and low ionization en-
ergy. Figure 8 shows the distribution of X3Y Z type
compounds over Z element species, along with the Z
element’s first ionization energy (I;) and atomic radius
(ratom) [76—78]. Each bin represents the counts of com-
pounds that contain the corresponding Z element. The
compounds are divided into different stability groups in-
dicated by various colors. The local and global trends
in stable compound distribution are consistent with the
trends in I; and ratom, respectively. For comparison,
the distribution of half-Heusler compounds is also shown,
where no such correlation is found. Among the phonon-
stable XY Z compounds, 51% contain either Al, Ga, or
In as the Z element, and 26% contain either Si, Ge, or
Sn. These elements should be prioritized for discovering
stable functional Heuslers. This observation is expected
to be valid for more general Heusler compounds, such as
quaternary and off-stoichiometric types.

[ All ground states
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FIG. 8. Distributions of X2Y Z and half-type compounds over
Z element species, with different stability groups shown in
various colors. First ionization energy (I1) and atomic radius
(ratom) of Z elements are sourced from [76-78].

In half-Heusler compounds, stability is higher when the
X element has a smaller atomic radius compared to the Y’
element. Figure 9 shows the distribution of half-Heusler
compounds over X and Y element species, along with
the atomic radii of the X and Y elements. It is evident
that stable compounds are concentrated in the region
where the X element has a smaller atomic radius, and
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FIG. 9. Distributions of X2Y Z and half-type compounds over
X or Y element species, with different stability groups shown
in various colors. Atomic radius (ratom) of X and Y elements
are sourced from [76, 77].

the Y element has a larger radius. For comparison, the
distribution of X5Y Z compounds is also shown in Fig-
ure 9, where no such correlation is observed. Notably,
94% of stable half-Heusler compounds satisfy the con-
dition 72X . < rX ... This provides a robust necessary
condition for selecting stable half-Heusler candidates.

D. Regular or inverse structure preference in
X2YZ compound

Understanding the preference for regular or inverse
structures in XoY Z compounds is crucial for tailoring
their functional properties. Figure 10(a) shows the dis-
tribution of X2Y Z compounds based on the energy differ-
ence between regular and inverse structures (Ereg — Finy).
Overall, the regular structure is generally preferred across
all XoYZ compounds analyzed. This trend remained
consistent when various stability criteria were applied.

The structural preference analysis for regular or inverse
configurations in X,Y Z compounds is often guided by
Burch’s rule [18-22] According to this empirical rule, if
the Y element is positioned to the left of the X element in
the periodic table, the compound is more likely to adopt
a regular structure. Conversely, if the Y element is to the
right of the X element, an inverse structure is favored.
This trend can be quantitatively represented using elec-
tronegativity differences (xX — x¥), as electronegativity
generally increases from left to right across the periodic
table [18]. A negative value of X — xY indicates that Y’
is to the right of X, favoring an inverse structure.

This relationship is examined using our HTP calcula-
tion results and illustrated in Fig. 10(b). The preference
is shown by color-coded energy difference (Ereg — Einy),
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along with the electronegativity difference (x* —xY) and
covalent radius difference (rX, —rY ) between X and Y
elements are shown on the z- and y-axes, respectively.
The results are shown for all compounds (5,388) and for
the subsets (1,294) meeting the stability criteria. Inverse
structures tend to occur when xX — x¥ < 0, in accor-
dance with Burch’s rule. This pattern remains even after
considering the stability criteria.

Additionally, when stability criteria are applied, sta-
ble inverse structures generally have X and Y elements
with similar covalent radii. This observation aligns with
the expectation that X and Y elements should be sim-
ilar in size in inverse structures, as their positions are
interchanged compared to regular structures. The region
defined by x* — x¥ < 0.15 eV and |rX, —r¥ | < 0.20
A is highlighted in green, marking a range where struc-
tural preferences are distinct. Among the 490 stable in-
verse compounds identified, 390 (80%) fall within this
region. However, the number of regular compounds sat-
isfying these criteria is comparable to inverse compounds,
indicating that these criteria are robust necessary condi-
tions but not sufficient. Conversely, for regular structure
prediction, the criteria exhibit high precision (92%) but
lower recall (75%).

E. Tetragonal distortion

Heusler compounds typically crystallize in either the
cubic or tetragonal phase. Our HTP computational
study revealed that 7,959 XY Z-type and 6,909 half-
Heusler compounds exhibit tetragonal distortion in their
ground state. The primary factor contributing to tetrag-
onal distortion is commonly thought to be the peaks in
the density of states (DOS) near the Fermi level (Er) in
the cubic phase DOS(cubic, Ep) [79]. This conclusion
was supported by the previous high-throughput studies
on several hundred XY Z compounds containing Fe, Co,
and Ni [23, 79-81]. The same conclusion is drawn from
our HTP result spanning significantly broader elemental
space. The distribution of XoY Z type compounds up
to DOS(cubic, Ep)=15 eV~ is shown in Fig.11. The
counts of cubic and tetragonal Heusler compounds are
sorted into bins based on their DOS(cubic,Er) values.
The red curve represents the probability of tetragonal
distortion in each bin. The probability of distortion in-
creases as DOS(cubic, Ep) rises. When DOS(cubic, Ef)
exceeds 3 eV ™!, the probability of tetragonal distortion
is greater than 80%. The same analysis was extended
to Half-Heusler compounds, and a similar behavior was
found. When DOS(cubic, Ef) exceeds 3 eV~!, the prob-
ability of tetragonal distortion is greater than 70%.

It is worth noting that the inclusion of stability criteria
alters the distributions, as shown in the middle and right
panels of Fig. 11. For half-Heusler compounds, tetrag-
onal distortion is observed in 74% of all compounds,
but this drops to 31% when only phonon-stable com-
pounds are considered. The low ratio in stable com-
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values at the Fermi level in the cubic phase. The red curve
represents the percentage of tetragonal distortion for each bin.
The distributions are shown for all compounds (left panels),
compounds meeting thermodynamic stability criteria (middle
panels), and compounds additionally satisfying the dynami-
cal stability criterion (right panels).

pounds indicates that half-Heusler compounds are less
suitable for applications requiring tetragonal distortion,
such as materials with high MCA. Similarly, the oc-
currence of tetragonal distortion in XsY Z compounds
decreases from 85% in all compounds to 72% among
phonon-stable compounds.

—x¥ <0.15 eV and |rZ, —

Einy), which is color-coded. The electronegativity

TCYOV) between X and Y elements are shown on the z- and y-axes,
réw| < 0.20 A is marked by green shading.

V. CONCLUSION

In this study, we conducted a comprehensive high-
throughput stability analysis of 9,072/9,072/324/9,396
compositions of regular/inverse/X3Z /half-Heusler com-
pounds in both cubic and tetragonal phases, considering
various magnetic configurations. In total, 106,235 struc-
tures in ground states and metastable states were identi-
fied. By applying stability criteria to ground states based
on formation energy, Hull distance, and phonon stabil-
ity, we identified 1,898 regular, 1,192 inverse, 81 X3Z7,
and 840 half-Heusler stable compounds. Among these,
1,356 compounds are magnetic, and 631 compounds ex-
hibit T above 300 K, making them promising candidates
for further experimental and theoretical exploration of
new functional materials. Notably, we identified 47 low-
moment FiM systems. The spin polarization and anoma-
lous Hall/Nernst conductivity were calculated to evalu-
ate their potential applications in spintronics and energy
harvesting.

We validated the T, calculation method within the
mean-field approximation against experimental data and
found that a simple correction factor of 0.85 to the Full-
potential (FP)-based T, provides a good agreement with
experimental results. Also, we validated ab initio cal-
culation stability criteria alongside experimental data
from the ICSD, suggesting optimized criteria for achiev-
ing higher recall or accuracy, depending on application
needs. Our results demonstrated that the inclusion of
phonon stability significantly narrows the pool of viable
candidates, emphasizing its critical role. We expect these
T, calibration methods and refined stability criteria to be
valid to other types of Heusler compounds, such as all-d
and quaternary types, as well as similar magnetic sys-
tems.

Analysis of the HTP data revealed linear relation-
ships between T and ), |m;| in 14 Heusler compound



systems, which can be used to do rough estimation of
T.. We also identified correlations between stability and
atomic properties, such as atomic radius and ionization
energy. For regular/inverse preference in XoY Z com-
pounds, our findings aligned with the empirical Burch’s
rule and further indicated that inverse structures are
more likely when the X and Y elements have similar
covalent radii, although this condition is not sufficient
to guarantee an inverse structure formation. In terms
of tetragonal distortion, we confirmed a strong correla-
tion between tetragonal distortion and a high density of
states at the Fermi level in the cubic phase in XoY Z com-
pounds, in agreement with the previous work, and iden-
tified a similar correlation in half-Heusler compounds.

Overall, these insights extend our understanding of sta-
bility and structural preferences in Heusler compounds,
providing a foundation for more efficient material discov-
ery in this and related categories. By refining the criteria
for stability and identifying key atomic correlations, this
work contributes to the development of next-generation
functional materials. The comprehensive dataset pro-
duced in this work, comprising 106,235 entries of the crys-
tal structures, magnetic moments, and the corresponding
energies, 8,180 entries of phonons, 1,356 entries of T,
and 355 entries of AHC/ANC, is available at [82]. This
database will be useful not only for querying the stabil-
ity of Heuslers but also for developing machine-learning
models. Development and application of such a machine
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learning model based on our database, aiming to explore
more complicated functional Heuslers efficiently, are on-
going and will be present elsewhere.
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