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The first discovered superconducting Heusler alloy Pd2YSn was reported 
by Ishikawa et al. in 1982 [29]. Pd2YSn’s stable L21 ordering and 
superconducting nature were quickly confirmed by following bulk 
arc-melting experiments [34–36]. Au2YIn and Cu2YIn were also found to 
exhibit weak L21 ordering with intermediate degrees of antisite disorder 
[37–39]. Recently discovered L21-ordered paramagnets include 
Pd2YMg, Ag2YMg, Ag2YIn, and Au2YIn [40,41]. Alongside the A2YC 
Heuslers, Y2AC 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 A2YSn 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 A2YC materials. To wit, no prior compre
hensive experimental or ab-initio study of the A2YSn 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 
A2YSn, 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 A2YSn 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 A2BSn Heusler alloys, those with Co 
and Mn as A-site elements exhibited strong signs of ferromagnetism with 
moments per site greater than 1 μB in nearly all alloys measured [50]. 
Given these results, we suspected the possibility of half-metallic ferro
magnetism or ferrimagnetism in the series of A2YSn (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 A2YSn 
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 
A2BC, 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: L21 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 A1 and A2) within the unit cell.

The 4-atom L21 unit cell [A1 B A2 C] adopts a Fm3m (No. 225) space- 
group symmetry, with A1 and A2 occupying the (0,0,0) and (1

2 ,12 ,12 ) 

Wyckoff sites respectively, and B and C occupying the (1
4 ,14 ,14 ) and (3

4 ,34 ,34) 
Wyckoff sites [53,54]. Typically, this structure is represented by a 
zinc-blende type sublattice made of the A1 and C atoms, with the A2 and 
B atoms filling the tetrahedral and octahedral holes respectively. This 
structure can also be viewed as a CsCl-type superstructure, with the A1 
and A2 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 [A1 A2 B C] adopts a F43m (No. 216) space-group 
symmetry, with A1 and A2 now occupying the (0,0,0) and (1

4 ,14 ,14 ) 
Wyckoff sites, and B and C occupying the (1

2 ,12 ,12 ) and (3
4 ,34 ,34) Wyckoff 

sites respectively [53,54]. As shown by Graf and Felser, the A1 and C 
atoms can be thought of as forming an NaCl-type rock salt structure, 
with the A2 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 A1 and A2 sublattices no longer coordinate to form a 
simple cubic setting. However, in the XA structure the A1 and B atoms 
coordinate octahedrally. The relation between these two phases is that 
of complete antisite (swapping) disorder between the A2 and B lattice 
sites. In other words, a transition from the L21 to the XA Heusler phase 
implies a complete “site-swap” between the A2 and B atoms, with fixed 
A1 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 L21 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 BiF3-type DO3 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 L21 structure with a A2 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 A1, A2, 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 Co2MnSi, Fe2VAl, Co2FeSi, Co2TiSn, 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 L21 
and XA phases, treating local antisite-swap disorder between the A2 and 
B site as the dominant defect mechanism.

The competition between the L21 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 L21-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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