Journal of Alloys and Compounds 1021 (2025) 179270

Contents lists available at ScienceDirect

JOURNAL OF

ALLOYS AND
COMPOUNDS

Journal of Alloys and Compounds

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/jalcom

Check for

Atomic ordering and electronic structure of A,YSn Heusler alloys: A | s |

first-principles study

Michael Zengel *-*, Riley Nold *-* , Thomas Roden , Ka Ming Law “, Ridwan Nahar,
Justin Lewis®, Adam J. Hauser >

& Department of Physics and Astronomy, University of Alabama, Tuscaloosa, AL, United States

ARTICLE INFO ABSTRACT

Keywords:

Heusler alloys

Density functional theory
Magnetic materials
Yttrium alloys

First-principles calculations are performed for the full Heusler L2; and inverse Heusler XA phases of the A,YSn
series, with A spanning the 3d block of the transition metals (A = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn). Yttrium is
chosen as the B-site element in order to investigate the role of 4d B-site orbitals on the magnetic character of the
system as a whole. Formation energy calculations indicate a transition from XA to L2; dominant phase preference
crossing from a V to a Cr A-site element choice, with L2; remaining the dominant phase across the rest of the
series. Magnetic data reveal a weak ferrimagnetic yttrium sublattice forming in a similar region of A-site valency
as the phase preference transition, indicating a possible structural-magnetic coupling. Total and projected
density of states calculations reveal a rich electronic structure with unique hybridization between the A-site and
yttrium atoms, particularly for the L2; phase. A near half-metallic gap is found to form in the L2; phase with
increasing A-site valency, culminating in a 97.71 % spin polarization for CroYSn. Phase stability conclusions are
also compared to data from the Open Quantum Materials Database, providing important context for the role of
density functional theory (DFT) in informing material synthesis studies. These results provide new insights into
the role of element choice in Heusler phase stability and electronic structure, which is critical to identifying novel
materials who properties are robust against phase competition.

1. Introduction

Heusler alloys are a class of crystalline ternary intermetallics typi-
cally composed of one main group element and two transition metals,
with one of the transition metals repeated twice in a unit cell. The
Heusler class hosts a wide range of novel materials including half-metals
[1-4,5], spin gapless semiconductors [6-8], shape memory alloys
[9-11], and efficient thermoelectrics [12-14]. As a result, these alloys
have found extensive application in the fields of spintronics [15,16],
magnetic sensors [17], and magnetocaloric devices [18,19] among
many others. The unique hybridization of these systems generates many
such desirable properties not present in the separate elemental forms; for
instance, the first discovered Heusler alloy (CupMnAl) is ferromagnetic
though none of its constituent elements possess this property [20,21].
Similarly, many Heusler systems have been shown to be highly tunable
in terms of their thermal, magnetic, and transport behavior, paving the
way for new advancements in tunable materials research [22-24].
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Because of the variety of properties these materials possess, the identi-
fication and experimental verification of Heusler alloys useful for the
development of novel technologies is an active area of research.

Half-metallicity refers to the ability of a material to preferentially
conduct charge carriers of one spin orientation over the other, and alloys
possessing it have clear significance in the realm of magnetoelectronics
and spin electronics [25]. While this property can arise in phase pure
alloys, the electronic spin gap can also be tuned via structural defects
and substitutional doping [26,27]. Furthermore, ferrimagnetic
coupling, or the anti-alignment of magnetic moments with different
magnitudes on distinct sites, reduces the net magnetization while
maintaining high spin polarization and mitigating magnetic noise in
half-metals [28].

Since the 1980s, yttrium-based Heusler alloys of the form A,YC have
been known to host unique magnetic and electronic properties,
including paramagnetism, superconductivity, and possible flat-band
behavior, all resulting from their rich electronic structure [29-32,33].
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The first discovered superconducting Heusler alloy Pd,YSn was reported
by Ishikawa et al. in 1982 [29]. Pd,YSn’s stable L2; ordering and
superconducting nature were quickly confirmed by following bulk
arc-melting experiments [34-36]. AuzYIn and CuyYIn were also found to
exhibit weak L2; ordering with intermediate degrees of antisite disorder
[37-39]. Recently discovered L2;-ordered paramagnets include
Pd,YMg, Ago,YMg, AgoYIn, and AupYIn [40,41]. Alongside the ApYC
Heuslers, Y,AC and quaternary yttrium-based Heuslers show potential
for half metallicity, spintronics, and giant magnetoresistance
(GMR)/tunnel magnetoresistance (TMR) [42-44]. However, bulk
experimental and ab-initio studies of such materials have largely been
restricted to those with a 4d or 5d block A-site element, leaving the A
= 3d element alloys notably understudied. The few density functional
theory (DFT) studies which do include certain A;YSn alloys still report
negative formation energies, but largely focus on other material systems
[45]. This gap in the literature leaves unresolved questions regarding the
influence of a 3d A-site 4d B-site exchange interaction on the electronic
and magnetic structure of ApYC materials. To wit, no prior compre-
hensive experimental or ab-initio study of the A,YSn Heusler series (A =
3d transition metal) has been performed to date. Further experimental
and theoretical work is recommended for comparison to the results re-
ported here.

In this study, we report the results of first-principles density func-
tional theory calculations performed for ten Heusler alloys of the form
AYSn, with the A-site element spanning the 3d transition metals.
Guided by the atomic occupation rules outlined by Burch et al. and
considering the higher valency of most 3d-block elements compared to
yttrium, we assume for this report that A-Y-Sn alloys will preferentially
adopt the A;YSn configuration rather than, for example, Y2ASn [46,47].
Given the more delocalized nature of the 4d yttrium orbitals compared
to the 3d A-site orbitals, we hypothesized the presence of unique hy-
bridization patterns which manifested in the electronic structure and
magnetic data [45]. We also sought to investigate ferrimagnetic ex-
change coupling between the 3d A-site and yttrium atoms and determine
the role of said coupling in determining the magnetic behavior of the
system [45,48,49]. Tin is an interesting C-site choice due to its experi-
mental accessibility and relatively low cost. In an experimental study
performed by van Engen et al. on A;BSn Heusler alloys, those with Co
and Mn as A-site elements exhibited strong signs of ferromagnetism with
moments per site greater than 1 up in nearly all alloys measured [50].
Given these results, we suspected the possibility of half-metallic ferro-
magnetism or ferrimagnetism in the series of A,YSn (A = 3d transition
metal), especially when the A-site is a late transition metal such as Mn to
Co. Herein, we analyze the structural and electronic trends across the
compositional series in terms of changing A-site valency. The results
reported here may serve as a reference for future synthesis of A;YSn
alloys, providing insight into which alloys present the most interesting
and thermodynamically robust electronic and magnetic properties.

1.1. The Heusler material class

Heusler alloys are ternary intermetallics with the chemical formula
A,BC, with A and B representing transition metals, and C conventionally
a main group element. The Heusler structure can be viewed as four sets
of interpenetrating face-centered cubic (FCC) sublattices displaced
equally from each other along the [1 1 1] axis of the conventional cubic
cell, with each sublattice populated by one of the four atomic species;
the A species populates two of the four FCC sublattices [51]. The Heusler
crystal structure is an umbrella term for two closely related cubic phases
which exhibit distinct symmetries: L2; and XA, commonly referred to as
the full Heusler and inverse Heusler phases, respectively [52]. These two
phases differ in the atomic ordering of the two A atoms (from here on
denoted A; and A,) within the unit cell.

The 4-atom L2; unit cell [A; B A, C] adopts a Fm3m (No. 225) space-

group symmetry, with A; and A, occupying the (0,0,0) and ¢ ,1.1)
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Wyckoff sites respectively, and B and C occupying the (,3,3) and G ,3,3)
Wyckoff sites [53,54]. Typically, this structure is represented by a
zinc-blende type sublattice made of the A; and C atoms, with the A, and
B atoms filling the tetrahedral and octahedral holes respectively. This
structure can also be viewed as a CsCl-type superstructure, with the A;
and A, FCC sublattices forming a simple cubic lattice, where the B and C
atoms alternatingly fill the centers of the simple cubic cells [51]. In
either case, the nearest neighbor A atoms adopt an octahedral
coordination.

The XA phase [A; Ay B C] adopts a F43m (No. 216) space-group
symmetry, with A; and A, now occupying the (0,0,0) and ¢,1.1)
Wyckoff sites, and B and C occupying the (3,3,3) and (¢,3,3) Wyckoff
sites respectively [53,54]. As shown by Graf and Felser, the A; and C
atoms can be thought of as forming an NaCl-type rock salt structure,
with the Ay and B atoms filling the tetrahedral holes [51]. Atomic co-
ordination of the nearest neighbor A-atoms is more complex for the XA
structure, as the A; and A sublattices no longer coordinate to form a
simple cubic setting. However, in the XA structure the A; and B atoms
coordinate octahedrally. The relation between these two phases is that
of complete antisite (swapping) disorder between the A, and B lattice
sites. In other words, a transition from the L2; to the XA Heusler phase
implies a complete “site-swap” between the A, and B atoms, with fixed
A; and C sites (See Fig. 1).

1.2. Competing structural phases

Ideally, we desire a structure with as few possible phase instabilities;
however, multiple disordered phases are known to exist that compete
with the L2; structure. For example, site disorder between the B and C
species can result in the disordered CsCl-like B2 structure (Pm3m No.
221 space group symmetry), whereas complete A-C disorder produces
the BiFs-type DOs3 structure (Fm3m No. 225 space-group symmetry)
[55]. Complete disorder of the A, B, and C species across all atomic sites
produces the A2 phase (Im3m No. 229 space group symmetry) [55]. A
three atom C1b “half-Heusler” phase (F43m No. 216 space-group sym-
metry) is also known to exist. Written with formula ABC, this phase is
equivalent to an L2; structure with a A site vacancy.

For this study, we will restrict ourselves to a set of element choices
that has precedence for successful bulk and thin film growth, in which
the A3, Ao, and B sites are occupied by transition metals, while the C site
is chosen to be a post-transition-metal main group element. Examples of
such alloys include Coo,MnSi, FeyVAl, CooFeSi, Co,TiSn, and many
others [56-59,60,61]. Furthermore, given the greater chemical simi-
larity between the A and B species (relative to say, A and C or B and C),
we assume site swapping occurs more readily between these two species
than for other conceivable combinations of atomic disorder [62-65].
Therefore, we restrict our attention to only competition between the L2
and XA phases, treating local antisite-swap disorder between the A, and
B site as the dominant defect mechanism.

The competition between the L2; and XA structures, and thus by
extension the degree of A-B antisite disorder, can be roughly quantified
by the difference in formation energies between the respective phases.
This convention for approximate L2;-XA phase preference has been used
by Ma et al, Luo et al, and others with great success [66-68]. A high
formation energy difference implies that one cubic phase is more likely
to form over the other. In practice, this means that the risk of unintended
antisite disorder of a sample is reduced. It is therefore critical to identify
material candidates with either thermodynamically protected properties
(strong phase preference) or whose principal features vary little with
inevitable site-swap disorder.

We also note that alongside the inherent thermodynamic competi-
tion between the identified cubic phases, the manufacturing of these
alloys in a bulk or thin film setting may result in multiphase samples.
This phase competition could be varying or discrete intermediate de-
grees of disorder, or competing combinations of ternary, binary, or
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L21 Full Heusler Structure
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XA Inverse Heusler Structure

Fig. 1. Crystal structure of L2; and XA Heusler phases exhibiting antisite disorder relation. For consistency, the stationary A; atom is set at the (0,0,0) site in

both structures.

single-element phases [69-72,73]. When considering ternary and qua-
ternary Heusler systems, the resultant phases depend strongly on the
manufacturing and post-annealing temperatures utilized [74,75]. For
example, Hirohata et al. finds that the 2d layer-by-layer growth process
typical in thin film production can significantly reduce the crystalliza-
tion energy of certain Heusler materials compared to bulk, allowing for
the stabilization of samples with higher phase purity [76]. In short,
experimental processes and energetic phase competition play important
roles in the realization of phase-stable Heusler alloys. While confound-
ing experimental factors cannot and will not be the focus of our density
functional theory analysis, computational results may be of value to
guide potential bulk and thin film studies of A;YSn type Heuslers.

1.3. Effect of disorder on electronic structure

In order to gain a holistic understanding of antisite disorder, we must
first provide a brief description of the electronic structure of the pure L2;
(and XA) phases. In both phases, the core s and p orbitals are tightly
bound and buried well below the Fermi level. On the other hand, elec-
tronic states with strong d-character are relatively closer to the Fermi
energy (~ + 10 eV) and thus strongly dictate the functional electronic
properties of the system. Furthermore, the tightly packed structure of a
Heusler alloy causes the d-orbitals on the atoms to overlap significantly;
in other words, this close-knit arrangement forces a considerable degree
of d-orbital hybridization, which highly depends on the occupancies of
these d-orbitals [53]. In the case of a general Heusler alloy comprised of
a p-block C-site atom and transition metal A- and B-site atoms, the dif-
ferences in electronegativities and electron orbital shapes of adjacent
atoms lead to varying degrees of hybridization [54,77]. For example, the
Fe s and p orbitals in FeaVAL hybridize with the Al s and p orbitals within
a zinc-blende sublattice. The d-orbitals from Fe are thus free to hybridize
with the other Fe atom, given their near-identical environment, and the
d-orbitals on V form the upper and lower band edges in the minority
band of FeyVAL [53]. In other words, the low energy hybridization be-
tween the p block element and one of the A-site transition metals gen-
erates a sublattice from which the other orbital arrangements can be
understood. Site disorders, especially antisite disorders which represent
mixed occupation of A-site and B-site, tend to narrow the minority band
gap, reducing the spin polarization and the magnetic moment per site
[53].

2. Methodology

First principles calculations are performed on ten Heusler alloys of
the form A,YSn, where the A-site is occupied by a 3d-transition metal.
Differences in cohesive energy between the two identified Heusler
phases (L2; and XA) are tabulated for each alloy in order to quantify the
robustness of key material properties (half-metallicity, magnetic
ordering, etc.) against antisite-swap disorder. Trends in the magnetic
and electronic structure dependent on the A-site valency are examined
for prospective property-tuning applications via substitutional doping.

All raw computational data (excluding electronic band calculations)
has been published in Data in Brief Volume 52 as part of an overarching
high-throughput DFT project [78]. Calculated band structures can be
found in Appendix A.

2.1. Computational Procedure

First principles calculations were performed via the projector
augmented wave (PAW) method in the Quantum Espresso 6.8 package
[79,80]. The generalized gradient approximation (GGA) is applied to the
exchange-correlation  energy  functional, and the atomic
scalar-relativistic Perdew-Burke-Ernzerhof (PBE) pseudopotentials
developed by Dal Corso were used [81,82]. The DFT+U method is not
implemented for these calculations to preclude potential unphysical
broadening of half-metallic gaps [83]. Additionally, manually tuning a U
parameter in order to reproduce well-known lattice parameters and
magnetic moments is unfeasible given the scarcity of experimental
studies characterizing A;YSn Heusler alloys.

The wavefunction and charge-density cutoff energies were not
explicitly optimized for each alloy, but instead fixed at 250 Ry and
1000 Ry respectively. These values were found to be sufficiently high to
minimize any meaningful error in cohesive energies calculated. A 4-
atom Wigner-Seitz unit cell is used for each alloy, with atomic posi-
tions dictated by either the L.2; or XA ordering. Structural optimization
was achieved via iterated self-consistent field (SCF) calculations fol-
lowed by a variable-cell relaxation (vc-relax) calculation utilizing the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization technique.
Starting atomic moments were set to 0.01 up for non-magnetic atoms
and 1.00 up for strongly magnetic atoms (Fe, Co, Ni), which then vary in
sign and magnitude during the self-consistent cycle until a minimum
energy state is achieved. For our purposes, only collinear magnetic
configurations are considered. Spin-orbit coupling (SOC) contributions
were found to have negligible effect on the electronic density of states
for the largest A-site element alloy in the series (Sc2YSn). SOC effects are
therefore neglected for the rest of the report, although such contribu-
tions may provide an avenue for further research into the A,YSn series.

For the initial SCF calculations a 10 x 10 x 10 Monkhorst-Pack k-
point grid and a 10° Ry energy convergence threshold were used. For
Brillouin zone integration, occupations were handled with a standard
Gaussian smearing method with a degauss (broadening) parameter of
0.002. The total cohesive energy of the alloy was calculated for a variety
of lattice constants in order to produce a cohesive energy vs. unit-cell
volume plot. The “best-fit” SCF lattice parameter, bulk modulus, and
bulk modulus pressure derivative were determined by fitting these data
against the standard Birch-Murnaghan equation of state [84]. The
best-fit SCF lattice parameter was used to determine the input
cell-volume for the ve-relax calculation, which allows minor variations
in the lattice parameters as well as the atomic positions around the strict
FCC coordinates. Due to the nature of the vc-relax calculation and initial
cubic symmetry of the corresponding stress tensor, the initial cubic
symmetry of the Heusler alloy is maintained throughout the relaxation
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process. In other words, a purely cubic phase is assumed throughout the
computational process. With a primary focus on cubic L2;-XA phase
disorder, stability of the A,YSn series against tetragonal distortion is not
considered in this study. However, given the role tetragonal distortion
plays in stabilizing some XA-like Heusler phases, such calculations may
prove a fruitful avenue for later investigations [85]. All ve-relax calcu-
lations were performed with a 20 x 20 x 20 k-point grid and 10~° Ry
energy convergence threshold. The lattice parameters and structure
resulting from the vc-relax step were taken as the final optimized
structure of the calculation sequence and is assumed for following
electronic and energetics calculations.

A final SCF calculation was performed to determine the precise
cohesive energy and site-specific atomic moments of the optimized
structure. A 20 x 20 x 20 k-point grid with 10~ Ry energy conver-
gence threshold was used for increased precision. The gaussian smearing
was replaced by a tetrahedral interpolation method better suited for
both precise energetics and the electronic structure calculations which
followed [86,87].

A non-self-consistent field (NSCF) approach was taken to produce the
density of states (DOS) and electronic band structure data. DOS and
band calculations were performed in an adjustable alloy-specific energy
range that was modified to produce data within a range of at least

+ 4 eV of the Fermi energy. Spin polarization at the Fermi energy (S) is

calculated as an absolute percentage via the following formula:
Ny —N,
S =
lNT +N,

| x 100%

Where N; and N are the majority and minority DOS measured at the
Fermi energy.

For band calculations, the energy resolution was fixed at 0.001 eV. A
conventional k-path [[—X-—W-K-I'-L-U-W-L-K] connecting
various high-symmetry points of the Brillouin-Zone is used (see Fig. 2).
The electronic structure of the A;YSn series will be discussed primarily
in regard to the density of states. Further details regarding the calculated
band structure diagrams can again be found in Appendix A. Crystal
structure diagrams were generated in the Vesta visualization software
[88].

Fig. 2. Brillouin zone of FCC crystal with relevant high-symmetry
points depicted.
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3. Results and discussion
3.1. Structural properties

Optimization of each A;YSn structure was achieved via a combina-
tion of increasingly resolved SCF and vc-relax calculations, as detailed
above. Total cohesive energy is plotted against the unit-cell volume and
fitted according to the Birch Murnaghan equation of state. Best-fit lattice
parameter, bulk modulus (GPa), and bulk modulus pressure derivative
values for the strict FCC unit cell were determined for each phase. Fig. 3
shows a representative cohesive energy plot for the MnyYSn system,
which preferentially adopts the full Heusler L2; structure.

The cohesive energy difference for the L2; and XA phases (AE) is
reported for each material. For each material, AE is calculated as the
difference in cohesive energies for the L2 (Epy) and XA (Ejy) phases. A
positive AE is taken to mean the XA phase is more energetically favor-
able (Ejy<Epg) and hence is the “preferred” structure, whereas a nega-
tive AE implies L2; is the energetically favorable phase (Ejy>Epg).
Predicted physical properties are reported for all materials in table 1. As
previously mentioned, to the authors knowledge no experimental
structural, elastic, or magnetic data have been reported to date for the
AYSn (A = 3d transition metal) series. Further experimental work is
recommended to contextualize the results given here.

Both the L2; and XA optimized lattice parameters show a clear
dependence on the choice of A-site element, as shown in Fig. 4. The
optimized L2; lattice constant decreases with increasing A-site valency
until a minimum value of 6.44112 A for A = Co, after which the lattice
parameter increases again. The optimized XA lattice parameters follow a
similar trend, where the minimum value is reached at A = Ni. For both
phases lattice constant anomalies are observed from A =V to A = Mn,
where the optimized lattice parameters do not follow the larger con-
caving trend. For instance, the lattice parameter of CroYSn-XA is not
smaller, but larger, than that of V,YSn-XA by an exceptional amount of
0.20 A. Furthermore, this brief upturn coincides with a change of sign in
AE, i.e., a change of phase preference from XA to L2;.

The magnitude of AE indicates the robustness of these phases against
A-B antisite defects. As seen in Fig. 4, for A-site choices with a valency of
five or less (A = Sc, Ti, V), the XA structure is slightly preferred over L2;,
with a AE in the range of 0.01-0.06 eV/atom. At A = Cr (valency = 6),
there is a large drop in AE to —0.395 eV/atom, implying a strong
reversal in phase preference from XA to L2;. From A = Cr onward, L2;
remains the energetically dominant phase for the A,YSn alloys, with AE
staying below at least —0.07 eV/atom. We note an immediate spike in
AE near A = Mn and A = Fe, relative to the —0.395 eV/atom observed
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Fig. 3. Mn,YSn cohesive energy per unit cell (Ry) plotted against unit cell
volume (A3) for the full Heusler L2, and inverse Heusler XA phases.
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Table 1
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Final SCF Computational Results: Lattice constant (a), bulk modulus (B), bulk modulus pressure derivative (B,), cohesive energy difference (AE), magnetic moments,
spin-up and spin-down electronic band gaps (E¢t and El), and spin polarization at the Fermi energy (S) for both L2; and XA phases of A,YSn Heusler alloys (A = Sc, Ti,
V, Cr, Mn, Fe, Co, Ni, Cu, and Zn). Bulk modulus pressure derivative (B}) calculations were also attempted for Zn,YSn but did not produce estimates within a reasonable
numerical range, and are therefore not reported. For spin-resolved data the positive z-direction (with respect to the 4-atom unit cell) is chosen as the spin-up direction.

Alloy Phase a(A) B B, AE (eV/ Site Moments Total Egt Egl S (%)
(GPa) atom) (up) Moment (eV) (eV)
A As B ¢ (up/f)

ScoYSn L2, 7.30447  152.2 4.11 0.021438 0.3528 0.3528 0.3641 —-0.0178 1.64 0.000 0.123 17.17 %
Sc,YSn XA 7.34166  151.3 7.62 - 0.2073 0.2944 0.1018 —-0.0110 0.88 0.000 0.000 21.90 %
TioYSn L2; 6.91611  214.7 4.26 0.056071 0.2016 0.1998 0.1945 —-0.0137 0.83 0.000 0.000 56.20 %
TioYSn XA 7.01941  205.8 4.12 - 0.6672 1.3681 0.0946 —0.0474 2.67 0.015 0.023 65.49 %
VoYSn L2; 6.89383 193.8 211 0.009110 2.4894 2.4894 0.3728 —0.0758 6.36 0.492 0.000 20.52 %
V,YSn XA 6.75643  260.5 3.56 - 0.0002 0.0000 0.0000 0.0000 0.00 0.115 0.115 0.03 %
Cr,YSn L2y 6.67589  265.7 3.09 —0.395258 2.3543 2.3539 0.0641 —0.0912 4.99 0.109 0.000 97.71 %
CraYSn XA 7.02784 149.5 3.85 - 3.2708 0.8249 —0.0148 —0.0701 4.21 0.360 0.000 32.83 %
Mn,YSn L2 6.73158  166.8 3.70 —0.094349 3.3179 3.3179  -0.1677 —0.0697 6.33 0.000 0.268 34.62 %
Mn,YSn XA 6.88101  163.3 4.13 - 3.6372 3.7559  —0.0867 —0.0441 7.36 0.000 0.000 50.19 %
Fe,YSn L2, 6.57387 241.1 5.26 —0.076897 2.4445 2.4446 —0.2054 —0.0271 4.39 0.000 0.224 66.42 %
Fe,YSn XA 6.68259 229.1 4.39 - 2.6832 2.6666 —0.0624 —0.0090 5.13 0.049 0.057 31.47 %
Co,YSn L2 6.44112  295.2 4.29 —0.374110 0.6793 0.6793  —0.0880 —0.0158 1.05 0.000 0.095 58.34 %
Co,YSn XA 6.63011  228.9 4.61 - 1.5675 1.8193  —0.0419 0.0333 3.27 0.000 0.050 89.76 %
Ni,YSn L2, 6.49927 257.7 4.76 —-0.310577 —0.0142 —0.0032 0.0008 —0.0005 —0.02 0.000 0.000 8.13%
Ni,YSn XA 6.59917  220.8 4.72 - 0.0000 0.0001 0.0000 0.0000 0.00 0.080 0.081 0.07 %
CuyYSn L2, 6.65229  190.3 18.87  —0.207711 0.0000 0.0000 0.0000 0.0000 0.00 0.000 0.000 0.00 %
Cu,YSn XA 6.75839 187.5 4.00 - 0.0000 0.0000 0.0000 0.0000 0.00 0.000 0.000 0.00 %
Zn,YSn L2; 6.98731  141.5 - —0.071413 0.0000 0.0000 0.0000 0.0000 0.00 0.000 0.000 0.00 %
Zn,YSn XA 7.05710  127.1 - - 0.0000 0.0001 0.0002 0.0000 0.00 0.000 0.000 0.64 %

for a Cr A-site, after which AE quickly drops down again to around
—0.374 eV/atom. From A = Co on, AE increases monotonically
implying a weakening of the L2; phase preference and the possibility of
increasing antisite-swap disorder. The phase preference transition can
be understood both from the magnetic moments data and general
experimental rules for Heusler-type materials. Firstly, the onset of
higher A-site magnetic moments is observed in both phases starting
around A = V and continuing through A = Co. In the L2; structure, the
two A-site elements are no longer nearest neighbors, making this phase
more preferential for A-sites with high magnetic moments via a reduc-
tion of the associated A;-A; spin-spin exchange energy. Similarly, widely
accepted experimental rules established by Burch et al. [46,47] predict
the transition metal with the higher valency tends to preferentially
occupy the (0,0,0) and (},1,)) atomic sites. Therefore, despite the
reduction in A-site magnetic moments observed for A = Ni through A
= Zn, the high A-site valency still results in an overall L2; phase pref-
erence. For the low A-site valency alloys (A = Sc, Ti, V), the relatively
low A-site moments along with a weak Burch-rule preference allow for
the XA phase to remain stable against the L2; ordering.

3.2. Magnetic properties

The structural ordering trends seen in the previous subsection match
closely the behavior of the magnetic moments observed for the A;YSn
series. Total moments for each material and phase are show in Fig. 5(c)
as a function of the A-site. The primary contribution to the total mag-
netic moment comes from the two A element atoms, with only small
contributions from the Sn site. For the L2; structures the total moment is
found to peak at both A = Vand A = Mn, with values of 6.36 and 6.33 yp
respectively, after which the total magnetic moment falls off to zero with
increasing A-site valency. The XA structures likewise have a peak in total
moment at A = Mn of 7.36 up. Here, the unexpected decrease in total
moment for the L2; phase between A =V and A = Mn can be explained
by changes in the magnetic moments of the yttrium sublattice in
response to the increasing A-site valency.

Site-specific magnetic moments calculated for each material and
structural phase are shown in Fig. 5(a,b) plotted against the A-site
element. While the A; and Aj sites in L2 are essentially equivalent, we
compared these two site moments to ensure that the vc-relaxation step

did not cause sufficient change to make the sites functionally unequal.
Any differences generated for the L2; phase were not significant and
contrast strongly the large site differences of the inequivalent A; and Ay
sites in the XA phase. Besides a small dip in moment at A = Cr, both the
A; and A, atoms of the L2; structures exhibit increasing site moments
with an increasing A-site valency, until a maximum moment of 3.32 yp is
achieved at A =Mn. As we cross the phase preference transition
threshold the yttrium atom moment becomes significantly reduced in
magnitude, dropping from 0.37 to 0.06 up, and eventually flipping to
become antiparallel with respect to the A; and Ay moments. The anti-
parallel yttrium moment maxes out at A = Fe with a moment of —0.205
up. The onset of an increasingly ferrimagnetic yttrium site character
explains the drop in the total moment observed after crossing the phase
preference threshold, as the yttrium moment no longer positively con-
tributes to total moment. Likewise, the C-site Sn atoms align antiparallel
to the A-site moments, albeit with a much smaller moment as to make
the effect on the total moment unnoticed. The Sn moments peak in
magnitude with A = Cr at around —0.09 up.

As for the XA structures, peaks in the A; and A, moments are also
seen at A = Cr, similar to the L2; structures. However, trends in the A;
and A; moments are no longer identical due to differing atomic envi-
ronments for the two A-element sublattices in the XA ordered phase.
Deviations between these two moments may arise from distinct coor-
dination of A; and A, sublattices with the yttrium sublattice, giving rise
to differing degrees of exchange interaction. Nevertheless, the yttrium
atoms of the XA structures also exhibit a ferrimagnetic character with
regards to the A; and Ay moments, although with a reduced site moment
relative to the moments calculated for the L2; phase. Here, the anti-
parallel yttrium moment peaks at A = Mn with a moment of —0.087 yp.
The Sn atoms also generally align antiparallel to the A-element mo-
ments, except for A = Co where Sn adopts a small positive moment of
around 0.03 .

The influence of the A-site valency on the magnetic behavior of the
system can be understood as arising from two distinct effects. Firstly,
different A-site choices will contribute a different moment to the system
depending on the magnetic character of the element in question,
resulting in variations of the A-site and total magnetic moment. In
addition, it is well known that the strength and character (ferromagnetic
vs. antiferromagnetic) of the magnetic exchange coupling in the Heusler
system is strongly dependent on the interatomic distance between the
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coupled atoms (typically the A1-A2 or A-B sites)[18,89]. As a result,
variations in the dominant phase lattice constant with changing A-site
valency (see Fig. 4) play an important role in the magnetic character of
the AYSn system. For example, the three L2;-dominant alloys with the
highest total moment (A = Cr, Mn, Fe) show a variation in A-site
moment and total moment (Fig. 5) which is similar to the variation in
the L2, lattice constants for these three alloys. In short, both the intrinsic
moment of the A-site element and induced variations in the dominant
phase lattice constant modulate the magnetic behavior of the AyYSn
system.
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Likewise, calculations for both structural phases reveal a ferrimag-
netic yttrium sublattice which forms with increasing A-site valency,
further explaining the anomalies observed in the total moments of these
materials. The onset of this ferrimagnetic behavior in conjunction with
the XA-L2; phase preference transition indicates a possible structural-
magnetic coupling, such that the magnetic character of the yttrium
sublattice may be tuned through careful control of the alloys phase near
the phase-preference transition region. Such tunable ferrimagnetic ma-
terials have been shown to offer new magnetic degrees of freedom in
designing spintronic devices [90-92]. However, rigorous confirmation
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of any structural-magnetic coupling would require further theoretical
and experimental verification.

3.3. Electronic structure

3.3.1. Spin polarization

A general trend is observed between spin polarization and the atomic
radius (van der Waals radius) of the A-site element, as seen in Fig. 6[93].
Note that the ordering of A-site elements by increasing atomic radius
does not strictly follow the same order as that of valence electron count
(i.e., order on the periodic table). For the L2; structures the absolute spin
polarization increases steadily with increasing A-site atomic radius until
a maximum of 97.71 % is achieved at Cr,YSn-L2; with a A-site atomic
radius of 1.89 A, after which the spin polarization decreases mono-
tonically (with the exception of the jump between Fe and Co). For the XA
structures, a similar increase in spin polarization is observed in the re-
gion of 1.8-2.0 A, with a maximum of 89.76 % for Co,YSn-XA at 1.92 A.
However, the XA structures show a much more abrupt jump in spin
polarization around the 1.8-1.85 A region, with sharp oscillations in
spin polarization rather than smooth behavior.

Dependence of the absolute spin polarization on the A-site van der
Waals atomic radius may be explained by variations in the A-B d-orbital
overlap which typically contributes to the half-metallic behavior [94].
The increased atomic radii of the A; and Aj sites will improve orbital
overlap with the B-site element and hence the d-d hybridization of the
transition metals, modifying the A-B site exchange interaction and
contributing to the half-metallic character. However, for a fixed crystal
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larization are seen in the range of 1.8-2.0 A.
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structure the increasing A-site atomic radius results in a generally larger
unit cell, decreasing the degree of d-d orbital overlap. The balance of
these two effects seems to give rise to a region of optimal A-site atomic
radii where half-metallic effects may be observed, resulting in peaks in
the spin polarization. Spin polarization trends are discussed further in
3.3.2 in context of the DOS and PDOS data.

Based upon the foundational work of Slater and Pauling in the
1930’s, as well as modern density functional theory investigations, it has
been well-documented that the total magnetic moments of 3d Heusler
alloys which exhibit half-metallic ferromagnetism can be predicted via
the total valence electron counts of their constituent elements [82,95,
96]. However in this series the only strong half-metallic ferromagnet
(spin polarization above 90 %) is the L2;-structured CrpYSn, with a
97.71 % spin polarization and a total moment of 4.99 up/f.u. We observe
that the total number of valence electrons for CroYSn is 29 (Cri= 6,
Cry=6, Y=3, Sn=14), following closely the standard L2; Slater-Pauling
rule (M = N-24 = 29-24 = 5 ~ 4.99). Cr,YSn’s high spin polarization
makes it a promising half-metal candidate with potential applications in
spintronics and novel spin-injection devices, should it be experimentally
stabilized in the L2; phase [2]. The rest of the materials investigated
maintain a spin polarization of less than 90 %, and do not show strict
accordance with either the M = N-24 or the M = N-18 Slater-Pauling
rules, as is expected [97,98].

3.3.2. DOS and PDOS

For the sake of clarity, all movement of DOS and PDOS peaks will be
discussed in relation to the Fermi energy (represented by 0 eV on all
DOS and PDOS graphs for simplicity). Due to tetrahedral crystal field
splitting, the d-orbital PDOS data for each atom is further decomposed
into three anti-bonding ta, “triplet” orbitals (dyy, dy., and d,y) and two
bonding e, “doublet” orbitals (d,» and d,>_,»). For further information on
these orbitals the reader is referred to Graf et al. or Law et al. [53,99]. In
our calculations the three triplet orbitals produce identical PDOS data.
Likewise, the two doublet orbitals produce identical PDOS data which
are distinct from the triplet states. In the following discussion the re-
ported triplet (doublet) data is therefore the sum of the three (two)
PDOS spectra which form the totality of the triplet (doublet) states in
question.

Full Heusler

Given the preference of L2; structural phases throughout the ma-
jority of this series, special attention will be given to the electronic
structure of those materials. DOS data for the ApYSn-XA alloys can be
found in Appendix A and the associated Data in Brief article [78]. At the
beginning of the A-site period (A = Sc, Ti), there are corresponding
sharp and broader peaks in both spin channels in the DOS plots (see
Fig. 7). We note that there is a change in vertical scale for Fig. 7, Figs. 8,
and 9. For reference, the sharper peaks in question are marked with a
blue star. From the corresponding PDOS graphs, it is evident that the
large sharper peaks (marked by a star) are comprised of A; and A,
doublet states, while the broader peaks are generally comprised of Aj,
Ay, and B triplet states. This indicates an expected strong hybridization
between A-sites due to their near-identical chemical environments. It
also indicates a hybridization of yttrium orbitals with A orbitals.

At A =V, the corresponding majority spin spikes shift down in en-
ergy and continue to shift down in energy as the number of valence
electrons increase; this trend continues through the series until A = Ni.
At A = Co the minority spin DOS spikes begin to shift down in energy,
realigning with the majority spin DOS spikes at A = Ni. In previous
sections we saw strong A-site magnetic moments appear and disappear
along this same interval, as well as the anti-alignment of the yttrium
moment. This can be explained through the interaction of triplet states
between these sites. As shown in Figs. 7 and 8, these states tend to have
the highest relative occupation and, given the offset between the spin
channels, generate a relative spin moment, contributing to the high site-
specific magnetic moments. Thus, this spin state asymmetry leads to
more adjacent site interaction between orbitals, which drives the
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magnetic moment trend seen in previous sections. Further, these in-
teractions are all driven by the partial filling of the d-orbitals on the A-
sites, as can be seen clearly by the lack of interaction when these orbitals
are mostly empty or full. We also see an overlap between the doublet
(and occasionally triplet) peaks in the A-site and triplet peaks in the B-
site (yttrium) PDOS graphs in Figs. 7, 8, and 9, which indicates a hy-
bridization of these particular orbitals. For A = Cr, Mn, Fe, and Co, this
hybridization tends to be accompanied by higher absolute spin polari-
zation. These qualities indicate a possibility for electronic structure
tuning in these materials, as half-metallicity is often driven by d-d hy-
bridization between the A and B site in Heusler materials [94].

After this asymmetric shifting, the peaks realign at A = Ni and shift
down in energy together for the rest of the series (see Figs. 8 and 9). This
combined lowering in energy of both spin states after Ni is indicative of
the Fermi energy increasing as the number of d electrons increases and is
thus expected for the system. The disappearance of the spin-asymmetry
of the DOS is coupled with the filling of the d-orbital on the A; and Aj

site, as well as the disappearance of strong magnetic moments within the
system. Finally in Fig. 9(e) the Zn,YSn-L2;d-orbital PDOS is negligible
within + 4 eV of the Fermi energy for both the triplet and doublet states.
This is because the high intensity DOS peaks (marked with blue stars)
have moved below the chosen cutoff of —4 eV with respect to the Fermi
energy, adopting a much stronger valence band character than those
peaks in Figs. 7 and 8.

Inverse Heusler

Similarly to the L2; alloys, the XA DOS structures begin with cor-
responding peaks in both the majority and minority spin channels (see
Figure B.10). These peaks are significantly less sharp than those in the
L2; materials, indicating less well-defined hybridization states. How-
ever, at A = Cr the majority DOS peaks shift downward in energy
(relative to the Fermi energy), creating an uneven DOS in terms of spin
channel. At A = Co, the minority spin channel DOS peaks move down-
ward too and begin to realign with the majority channel. After A = Ni,
the total DOS shifts downward in energy due to the shifting Fermi
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energy caused by increasing the number of electrons in the system.
Again, this interesting trend of spin-asymmetric DOS peaks is mostly
likely a result of an asymmetric filling of orbitals, caused by high spin
states within the orbital scheme, leading to a high magnetic moment on
each site. Given the lack of corresponding peaks within the A and B site
PDOS, this indicates a lack of strong hybridization between these sites.

From A = Cr through A = Co, the orbitals are asymmetrically filled,
leading to a high spin polarization in CooYSn. However, this is not due to
the main peaks localized at —1.5 eV in the minority spin channel and
—2.5 eV in the majority spin channel, but by a smaller peak in the mi-
nority spin channel at the Fermi energy and the lack of a corresponding
peak in the other spin channel. In regard to the A;YSn-XA band struc-
tures, the most notable feature is the emergence of a prominent flat band
in CupYSn-XA, something not seen in any of the L2; type materials (see
Figure B.13). Flat band structures are indicative of highly localized
electron orbitals such that the effective mass is nearly infinite, and can
lead to interesting transport phenomena [100-103]. While we note that
our calculations suggest that these XA phases are not energetically
favored compared to their L2; counterpart, the differences between
phases are in many cases smaller or comparable (see Fig. 4) to the en-
ergies available during experimental synthesis (0.1-0.3 eV/atom). Thus,
the results reflect potential routes to interesting properties, especially
with the inherent uncertainty in our theoretical model used.

4. Conclusion

In this study, phase preference and electronic structure of A,YSn (A
= Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) Heusler alloys were investigated
using first principles density functional theory techniques. Calculations
were performed in the Quantum Espresso 6.8 open-source package using
the PAW method with a GGA scheme. Cohesive energies were deter-
mined for both the inverse Heusler XA and full Heusler L2; structures,
revealing a phase preference transition from XA to L2; ordering at the A
=V to A = Cr crossover. The final SCF calculations confirmed the A-site
transition metal to be the dominant contributor to the total moment of
those A,YSn alloys with notable magnetic properties. Trends in the site-
specific moments show the emergence of a ferrimagnetic coupling of the
yttrium sublattice with the A element transition metal, matching ob-
servations reported in the literature for yttrium-based Heusler alloys.

Electronic structure calculations of these materials only reveal two
possible half-metallic ferromagnets: CroYSn-L2; and CopYSn-XA (how-
ever only CryYSn-L2, is structurally favored). We predict CroYSn-L2;
possesses a spin polarization of 97.71 % and a half-metallic gap of
0.109 eV. Overall, a trend was observed in which the partial filling of the
d-orbitals on the A-sites led to notable interactions between doublet and
triplet states on the A and B sites respectively. These interactions
contributed to the magnetic moment trends discussed above. The
asymmetric shifting of DOS peaks between the spin channels that indi-
cated this trend also demonstrate a possibility of half-metallic design
through substitutional doping of these materials.

Appendix A. Competing Structures
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Predicted phase preference for each alloy was compared against data
from the online quantum materials database (OQMD) (see Appendix A),
finding good agreement regarding the relative stability of the full and
inverse Heusler structures predicted by our calculations. Future studies
investigating the role of competing C1b (half-Heusler) structures, as well
as binary phase decomposition, could complement nicely the data re-
ported here. Overall, these results offer unique insight into structural
ordering and electronic structure of yttrium-based Heusler alloys, which
can inform future spintronic and ferrimagnetic materials applications.
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Although L2; and XA are taken to be the dominant phases in this study, other competing phases exist. This includes ternary alloys of other space
groups, binary material systems, and the constituent elements. It is therefore worthwhile to briefly discuss the broader range of competing phases
which may be observed for A;YSn type Heusler alloys. To this end, we compare the phase stability results of this study against theoretical phase
diagram information taken from the Open Quantum Materials database (OQMD) [104,105]. Such comparisons play an important role in verifying the
validity of our computational approach within the broader collection of existing computational and experimental data on A;YSn alloys. Table A.2 lists
the competing species and the distance from the convex hull (eV/atom) for each A;YSn alloy and phase (L2; and XA) taken from OQMD. Despite
potential issues of incomplete or incorrect thermodynamic data, OQMD serves as a good guide for general observations.

Each alloy in this study is reported by OQMD to have a positive convex hull distance, suggesting the existence of competing species within the
compositional phase space. However, a positive hull distance should not be taken to indicate the experimental infeasibility of manufacturing A;YSn
Heusler alloys. For example, the prototypical L2, Heusler alloy CupMnAl studied by F. Heusler in 1903 is listed with a convex hull distance of 0.06 eV/
atom, yet is experimentally stable in both bulk and thin film settings [20,106,107]. This indicates that the experimental parameters of sample
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manufacturing, such as operating pressure and temperature, growth atmosphere, thin film vs. bulk setting, etc., can stabilize phases which may have
an otherwise positive convex hull distance. It is also possible that the phase with the lowest free energy during manufacturing (which occurs well
above 0 K in most cases) is different than that phase which is predicted by our (and OQMD’s) DFT calculations, since such calculations assume a
zero-kelvin environment.

Table A.2
Convex hull distance (eV/atom) and competing phases reported from Open Quantum Materials Database for both L2; and XA
phases of A,YSn Heusler alloys (A = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn).

Alloy Phase Convex Hull Distance (eV/atom) Competing Phases (OQMD)
ScoYSn L2; 0.255 Sc, ScsSns, YsSng
ScaYSn XA 0.233 Sc, ScsSns, Ys5Sng
TioYSn L2; 0.368 Ti, TisgSn, YsSng
TiYSn XA 0.324 Ti, TisSn, YsSng
V2YSn L2; 0.606 V, YSn

V2YSn XA 0.608 V, YSn

CraYSn L2; 0.583 Cr, YSn

CryYSn XA 0.898 Cr, YSn

Mn,YSn L2; 0.405 Mn, YSn

Mn,YSn XA 0.504 Mn, YSn

Fe,YSn L2; 0.368 Fe, YSn

FepYSn XA 0.452 Fe, YSn

Co2YSn L2; 0.141 Co, YSn

CosYSn XA 0.601 Co, YSn

NipYSn L2 0.065 NiYSn, NisSny, NisY
NiyYSn XA 0.425 NiYSn, Ni3zSny, NisY
CupYSn L2; 0.098 Cu, CuYSn

CuyYSn XA 0.305 Cu, CuYSn

ZnyYSn L2; 0.254 ZnYSn, YSny, Zni7Ys
ZnyYSn XA 0.322 ZnYSn, YSny, Zny7Ys

Furthermore, differences in the OQMD-reported convex hull distance between the individual phases (L2; and XA) can serve as a second metric of
preferential phase ordering, similar to the role that the difference in cohesive energies (AE) plays in our calculations. We will refer to this new metric as
the OQMD phase preference. For each alloy reported, the phase with the lower OQMD convex hull distance matches the preferred phase predicted by
our calculations (based upon the value of AE for the alloy), with the exception of VoYSn, as shown in Table A.3. This supports the accuracy of the
calculated cohesive energy values and the determinations of relative L2,/XA phase stability for the A;YSn alloys studied.

Table A.3
Phase preference metric calculated from OQMD’s convex hull distances and AE from this report’s DFT calcula-
tions. A positive number indicates an XA preference, while a negative number indicates an L2; preference.

Alloy OQMD Phase Preference (eV/atom) DFT Phase Preference: AE (eV/atom)
ScaYSn 0.002 0.021438
TipYSn 0.044 0.056071
V2YSn —0.002 0.009110
CryYSn —0.315 —0.395258
Mn,YSn —0.099 —0.094349
FeaYSn —0.084 —0.076897
CoyYSn —0.046 —0.374110
NipYSn —0.36 —0.310577
CuzYSn —0.207 —-0.207711
ZnyYSn —0.068 —0.071413

To note, V,YSn is found to have both a small AE as well as a small difference in convex hull distance between the phases. Therefore, this particular
discrepancy may be the result of the different computational methods used combined with the relatively low stability of the preferred V,YSn phase
against site-swap disorder. We also observe for Co,YSn a noticeable discrepancy between the magnitudes of the reported AE and the OQMD “phase
preference” value. This discrepancy may arise from differing treatments of the Co,YSn magnetic moments, in particular the use of a scalar relativistic
approach as opposed to the more complex full relativistic scheme.

Aside from decomposition into the constituent elements, the YSn binary phase is listed as a competing species for many of the 3d A,YSn materials.
In addition, the half-Heusler C1b structure is noted as a competing phase for the NioYSn, Cu2YSn, and Zn,YSn alloys. Therefore, further investigations
into the stability of A;YSn Heuslers against half-Heusler, binary, and elemental decomposition would provide additional insight to the atomic ordering
data produced here.

B. A,YSn L2; and XA Band Structures
Although the DOS and PDOS data for the A,YSn system were of primary interest, for completeness we report the electronic band structures for each

compound in both the L2; and XA phases. Data for Sc,YSn-L2; through Mn,YSn-L2; can be found in Figure B.10, whereas Fe,YSn-1L2; through Zn,YSn-
L2; are illustrated in Figure B.11. The corresponding band structures for the XA phases can be found in Figures B.12 and B.13.
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The high intensity DOS peaks noted previously in Figures 7, Figures 8, and 9 correspond to a high-density band region which moves downward in
energy with increasing A-site valency. The PDOS data in Figures 7, Figures 8, and 9 indicate this high-density band region to be comprised primarily of
A-site d-orbital doublet and triplet states. In particular, the flat band observed in Figure B.13(d) is similarly comprised of such A-site d-orbital states.
This reinforces the important role that A-site valency plays in determining the electronic character of A;YSn Heuslers, and indicates the possibility of
A,YSn band engineering through substitutional doping or other means of stoichiometric manipulation.

15



M. Zengel et al.

Journal of Alloys and Compounds 1021 (2025) 179270

For ZnyYSn-1L2; and Zn,YSn-XA (Figures B.11(e) and B.13(e)), the dense band region observed for the other structures disappears below the —4 eV
energy cutoff, continuing the general downward trend of the prominent DOS peaks. In particular the Zn,YSn-L2; data in Figure B.11(d) corresponds
nicely with the disappearance of the Zn d-orbital PDOS in Figure 9(e).

Despite the inherent limitations of ab-initio modeling, these data reinforce the exciting electronic properties of the A;YSn system and motivate
future studies into yttrium-based Heuslers more broadly.
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