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First-principles calculation has become one of the most reliable approaches in

predicting structural, electronic, and magnetic properties for material

applications. Alloys in Heusler structures have also attracted much attention

recently since they can be easily synthesized and provide interesting properties

for future spintronic applications. In this work, we investigate a series of Fe-

based Heusler compounds Fe3−xYxZ (x = 0, 1, 2, 3; Y= Cr, Mn, Co; Z= Al, Ga, Si)

with L21- and XA-type structures using first-principles calculations based on

density functional theory. According to formation energy calculations and

mechanical property analysis, most of the studied Heusler compounds are

thermodynamically stable and could be synthesized experimentally. The Co

substitution leads Fe3−xCoxZ to a ferromagnetic ground state like Fe3Z with a

strong magnetization ranging from 4 to 6 μB/f. u. While replacing Fe with Cr or

Mn, the exchange coupling between Cr (Mn) and its neighboring atoms

generally tend to be anti-parallel. Among the antiferromagnetic compounds,

Mn3Al and Mn3Ga are antiferromagnetic half metal while Mn3Si is ferrimagnetic

half metal. These rarely found type of half metals with low magnetic moment

and high spin polarization at the Fermi level are important for low energy

consumption spintronic applications. The estimated Curie temperatures for

Mn3Al, and Mn3Si and Co2FeSi (XA) are in good agreement with previously

theoretical values, while for Fe3Al and Fe3Si, they are in good agreement with

previous experimental results. The good consistency in Curie temperature

demonstrates high reliability of our predictions based on first-principles

calculations. As for the topological property aspect, we predict Fe2CrAl and

Fe2MnAl as the 3-dimensional Weyl semimetal. Furthermore, Fe2CrSi is

predicted to be the magnetic nodal-line semimetal. Interestingly, our

mechanical property analysis demonstrates that Co3Si and Fe2CoSi (L21)

exhibit ultraelastic metal behavior, which is of high potential in advanced

mechanical industry. This work suggests that Heusler compounds are
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excellent candidates for future spintronics as well as for high-performance

ultraelastic metals.

KEYWORDS

heusler alloy, first principles calculations, half metal, weyl semimetal, dirac semimetal,
nodal line semimetal

1 Introduction

It is well known that Heusler compounds are intermetallic

materials with rich magnetic properties [1–7]. Since the first

discovery of the Cu2MnAl Heusler alloys in 1903, it is found that

although the compositions of alloy were non-magnetic (NM), the

alloy exhibits an adjustable magnetic properties through the

treatment of heat and chemical compositions [8]. To date,

thousands of members of Heusler compounds have been

discovered with a wide range of physical properties, such as

half-metallics, ferrimagnets [9–11], ferromagnets [12–14], shape

memory alloys [15, 16], and even tunable topological insulators

[17, 18]. Also, most Heusler alloys have high Curie temperatures,

large saturated magnetization [19, 20], and crystallize in cubic

high-symmetry structure. These properties are of high potential

for spintronics, energy technologies, and magneto-caloric

applications. For spintronic applications, Heusler compounds

with full spin polarizability (100%) and high Curie temperatures

can be considered as ideal semiconductor spin electron injection

sources [21]. In terms of magnetocaloric applications, magnetic

materials inherently have magnetocaloric effects due to the

interdependence of thermal and magnetic properties. Since the

discovery of Ni-Mn-based Heusler compounds with giant

magnetocaloric effects, magnetic Heusler compounds have

been regarded as candidates in magnetocaloric materials [22].

Finally, for energy applications, most thermoelectric materials

are semiconductors with small energy gap. A. Berche et al. has

suggested that Fe2VAl Heusler compound exhibits a small energy

gap and a decent figure of merit, thus can be regarded as a

material for thermoelectric applications [23]. The crystal

structure of the traditional Heusler alloy (Figure 1) consists of

four interpenetrating face-centered cubic (FCC) lattices with

Wyckoff coordinates of A (0, 0, 0), B (1/4, 1/4, 1/4), C (1/2,

1/2, 1/2), and D (3/4, 3/4, 3/4). In general, the traditional Heusler

alloys are composed of three kinds of element (ternary Heusler

alloy), which can be divided into half Heusler alloys XYZ (No.

216, F43m) and full Heusler alloys X2YZ (No. 225,Fm3m), where

X and Y are different transition metal elements or lanthanides

(rare-earth metals), and Z is an sp/main-group (group III, IV, or

V) element [3, 25]. By interchanging the positions of elements,

there are two possible structures within the full ternary Heusler

alloy named by L21-X2YZ and XA-X2YZ. L21-X2YZ (XA-X2YZ)

is crystallized in the cubic L21 (XA) structure with space group

Fm3m (F43m), which Wyckoff coordinates ABCD are

sequentially occupied by compositions in the order of ZXYX

(ZYXX). Although many of these alloys have been theoretically

predicted to be HM alloys, some of them do not reached 100%

spin polarization experimentally. This could be caused by the

atomic disorder, such as B2 (partial order) and A2 (full disorder)

structure. To reduce atomic disorder, the binary Heusler alloy has

drawn a lot of attention recently. Various binary Heusler alloys

have been reported in the last years, for instance, X3Y [26], XZ3

[27], X3Z [28–30], and Z3Z’ [31–34], where X and Y are

transition metals, Z and Z’ are main group elements. These

binary Heusler alloys in DO3-type structure [35] share the same

space group with the ternary Heusler alloys in L21 structure. It is

also proposed that binary Heulser alloys have reduced the

energetic dissipation due to the smaller magnetic moment

[33]. Therefore, enormous attention has been devoted to

searching for new spintronic materials through binary,

ternary, or quarternary Heusler alloys [36–41].

Inspired by this, we study the substitution effects in binary

and ternary Heusler alloys for a series of Fe-based Heusler

compounds Fe4Z (Z= Al, Ga, and Si) by replacing Fe with

different 3d elements X = Cr, Mn, and Co, namely, Fe3−xXxZ

(x = 0, 1, 2, 3; X= Cr, Mn, Co; Z= Al, Ga, Si) with L21- and XA-

type structures using first-principles calculations based on

density functional theory. We present in this paper a

systematic theoretical investigation including the structural,

FIGURE 1
Crystal structure of full Heusler alloy. The lattice consists of
four fcc sublattices (A–D)with respect to the Wyckoff coordinates
of (0, 0, 0) (0.25, 0.25, 0.25, 0.25), (0.5, 0.5, 0.5), and (0.75, 0.75,
0.75), respectively.
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electronic, magnetic, and mechanical properties of binary and

ternary full-Heusler alloys.

2 Computational method

The ideal X2YZ (X, Y= Cr, Mn, Fe, and Co; Z= Al, Ga, and Si)

Heusler alloys are in the cubic closely packed structure as shown

in Figure 1. Following the previous study by Wang et. al. [42], we

assume that one of X atoms sits at A-site, and the other X atom

sits at B- or C-site. Therefore, there are two possible structures for

the ternary Heusler alloys, i.e. full and inverse Heusler structure

with X atom occupied C- and B-site, respectively. For the binary

Heusler alloys X3Z (X= Cr, Mn, Fe, and Co; Z= Al, Ga, and Si), it

belongs to DO3-type structure with space group Fm3m (No.

225), where X atoms locate at A, B, and C sites.

The structural, electronic, and magnetic properties of X2YZ

Heusler alloys are calculated by using the density functional

theory as implemented in the Vienna ab initio simulation

package (VASP) [43, 44]. The Perdew-Burke-Ernzerhof (PBE)

generalized gradient approximation (GGA) was chosen for the

exchange and correlation effects [45, 46]. The Γ-centered
Monkhorst-Pack scheme with a k-mesh of 12 × 12×12 is used

for the Brillouin zone integration. The self-consistent total energy

convergence criterion is set as 1.0× 10–7 eV. In all cases, a plane

wave basis set with cut-off energy of 350 eV was used. All the

three types of structures are geometrically optimized with the

convergence criterion of 1.0 × 10–6 eV. To calculate the ground

state total energy of the isolated atom, we use a very large

supercell with 20 Å of separation in all x, y, and z directions

which should be wide enough to decouple the nearest atom. The

calculated ground state spin magnetizations of Cr, Mn, Fe, Co,

Al, Ga, and Si isolated atoms are 6.00 μB, 5.00 μB, 4.00 μB, 3.00 μB,

1.00 μB, 1.00 μB, and 2.00 μB, respectively. These calculated

ground-state spin magnetic moments of isolated atoms are

consistent with those reported by S. Shehada et al. [24], which

magnitude can be explained by Hund’s rules.

3 Results and discussion

3.1 Electronic, magnetic, and topological
poperties

Listed in Supplementary Table A1 are the calculated lattice

constants (Å), cohesive energy (eV/f.u.), and formation energy

(eV/f.u.) of the considered Heusler compounds. In order to

prevent the flow of paper from being interrupted, all tables

are arranged in APPENDIX. The cohesive energy is calculated

as the difference between the sum of the ground state total

energies (E) of isolated atoms and the total energy of the

encountered Heusler compounds, i.e., ∑Eatom − Ebulk. The

cohesive energy is the energy required to break alloys into

isolated atoms. Consequently, high cohesive energy alloys are

relatively stable compared to those with low cohesive energies.

The formation energies (Ef) of X2YZ are also calculated using

Ef � Etot − 2 × Ebulk
X + Ebulk

Y + Ebulk
Z( ),

where Etot, Ebulk
X , Ebulk

Y , and Ebulk
Z are the total energy per atom

of the Heusler compound, total energy per atom of pure X, Y, and

Z in their individual bulk structures, respectively. The individual

bulk structures are body-centered cubic for Cr and Fe, face-

centered cubic for Mn and Al, hexagonal close-packed for Co,

diamond for Ga and Si, respectively.

In general, a negative value of the formation energy indicates

that the total energy of the compound is lower than that of its

individual components, implying that the compound can be

synthesized experimentally under ambient conditions, whereas

a positive formation energy means that the synthesis of the

material is dependent on extra factors such as pressure,

temperature, and/or electromagnetic waves. Practically, the

formation energies of certain existing compounds can be

positive, such as diamond (0.13 eV/f. u.) [47]. Even with this

positive formation energy, diamond can be formed under high

pressure and high temperature, while it remains stable under

ambient conditions. Therefore, it is still possible to synthesize

these Heusler compounds experimentally under certain

conditions even if the calculated formation energy is positive.

We first summarize few general remarks regarding lattice

constants here. As shown in Supplementary Table A1, we find

that the equilibrium lattice constant of X2YAl (X, Y= Cr, Mn, Fe,

Co) is larger than those of X2YSi. This is because that theWigner-

Seitz radius of aluminum is larger than that of silicon. Similarly,

when substituting the sp element from Al to Ga, in general,

except for Cr2FeZ and XA-Fe2MnZ, the equilibrium lattice

constant is enlarged due to the slightly larger atomic size of

heavier element Ga.

Then we used transition metal atoms Cr, Mn, and Co to

replace the Fe atoms in Fe3Z. There are two different types of iron

atoms in the unit cell of Fe3Z (Figure 1): the first type Fe atoms

(Fe(A) and Fe(C)) in the tetrahedral coordination are

surrounded by four Fe and four Z atoms; the second type Fe

atom (Fe(B)) in the octahedral coordination is surrounded by

eight Fe atoms. Therefore, as one Fe atom of the first type is

replaced by Y, XA ternary Heusler alloy is formed and labelled by

XA-Fe2YZ (inverse structure). When the second type Fe atom is

replaced by Y, L21 ternary Heusler alloy is formed and labelled by

L21-Fe2YZ (normal structure).

As a benchmark result, the calculated lattice constants of the

binary alloy Fe3Al, Fe3Ga and Fe3Si are 5.736, 5.750 and 5.601 Å,

which are in agreement with the value of 5.74, 5.76 and 5.61 Å

reported by Gao et. al [30]. As shown in the table, there seems no

general trend for the lattice constants among all the above

mentioned Cr, Mn, Co substituted Heusler alloys.

Interestingly, for all Fe2YZ alloys except Fe2CoAl and

Fe2CoGa, the lattice constant of the inverse structure is
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significantly larger than that of the normal structure. In contrast,

for the X2FeZ alloys except Mn2FeAl and Co2FeGa, the lattice

constant of the normal structure is larger than that of the inverse

structure. This is presumably due to the Coulomb interaction

between the nearest atoms. Taking Fe2CrAl as an example, since

Cr has fewer d electrons than Fe, the length of Fe-Cr bond will be

shorter than that of Fe-Fe bond, which results in that the length

of Fe(A)-Cr(B)-Fe(C) will be shorter than that of Fe(A)-

Fe(B)-Cr(C).

As for the cohesive energies of the X2YZ Heusler alloys listed

in Supplementary Table A1, in general, X2YSi is more stable than

X2YAl and X2YGa for all types of ternary and binary Heusler

alloys. In order to clearly demonstrate the stability trends of

different compounds, we graphically represent the evolutions of

the cohesive and formation energy of Fe2XZ, X2FeZ, and X3Z

with X, as shown in Figure 2. In terms of transition metal

substitution for Fe3Z, the L21-Co2FeZ is the stablest case for

all Z in Al, Ga, and Si. Supplementary Table A1 also shows the

calculated formation energy, which serves as the indication of the

structural stability. Except for Mn2FeSi, the formation energies of

all Heusler alloys are negative, indicating that these Heusler

alloys are thermodynamically stable and can be synthesized

experimentally. In addition, comparing the formation energy

of L21 and XA structure, it can be found that Fe2CrZ, Fe2MnZ,

and Co2FeZ exhibit lower Ef in L21 than in XA structure. It is

known that in Heusler alloys X2YZ, when element Y with fewer

3d electrons than element X, Y prefer to occupy B site, forming

L21 structure. Conversely, when Y has more 3d electrons than X,

Y tends to occupy A or C site, leading to XA structure [52].

Supplementary Table A2 lists the calculated magnetic ground

state, total spin moment (mt) (in μB/f. u.), atomic spin magnetic

moments, magnetization energy, spin polarization, Curie

temperature, as well as the total magnetization derived by

Slater-Pauling rule (SP-rule):

Mt � Nv − 24,

where Nv is the total number of valence electrons in the unit cell

of all the considered Heusler alloys. For L21-X2YZ, magnetic X1, X2,

Y, and nonmagnetic Z positioned at A-, C-, B-, and D-site,

respectively. In XA-X2YZ, magnetic X1, X2, Y, and nonmagnetic

Z positioned at A-, B-, C-, and D-site, respectively. We consider the

ferromagnetic (FM) and three ferrimagnetic configurations: Fi1, Fi2,

and Fi3, in which Fi1(2,3) means that the magnetic direction at A-

(B-,C-) site is antiparallel to the other 2 magnetic atoms. Then

magnetic ground states can be determined by comparing the total

energies of these magnetic states. Also, the magnetization energy

defined as the total energy difference betweenmagnetic ground state

and nonmagnetic state can be obtained.

As can be seen in Supplementary Table A2, many candidates of

half metals as indicated by HM are found in this work. Starting with

binary Heusler compounds, all the three Mn3Z exhibit half metallic

(HM) ground state. Both Mn3Al and Mn3Ga are fully compensated

HM antiferromagnets (HM-AFMs), while Mn3Si is HM

ferrimagnets. HM-AFMs show not only 100% spin polarization

but also zero net magnetization, which is very useful in spintronic

applications due to the lower energy consumption. On the other

hand, all Fe3Z and Co3Z are metallic ferromagnets, and Cr3Z are

metallic ferrimagnets. It is worth noting that the total and atomic

magnetizations and the equilibrium lattice constants of Cr3Z, Mn3Z,

and Fe3Z obtained in this work are in consistent with previous

theoretical results [30]. Moreover, for Fe3Al, Fe3Si, and Mn3Si, our

results are also in agreement with previous experimental data [49].

FIGURE 2
Cohesive energies (A–C) and formation energies (D–F) with respect to different Heusler compounds.
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Then we discuss the magnetic properties of the ternary

Heusler compounds in Supplementary Table A2. Considering

the Fe2YZ series, the magnetic configuration can be mainly

divided into ferromagnetic states for Y= Fe and Co, and

ferrimagnetic states for Y= Cr and Mn, except for L21-Fe2CrSi

and L21-Fe2MnSi (both are FM states). For Y= Cr and Mn, the

ferrimagnetic states can be specifically described as Fi2 and

Fi3 states for L21-Fe2YZ and XA-Fe2YZ, respectively. There

exists a tendency for the spin directions of Cr and Mn to

align antiparallel to neighboring atoms. This trend is in

agreement with the previous magnetic research [58, 59]. Most

X2YZ and Y2XZ have similar magnetic configuration. For

example, Co2FeZ and Fe2CoZ are both in the FM ground

states, while Cr2FeZ and Fe2CrZ show the FiM ground states,

except for L21-Cr2FeGa, L21-Fe2CrSi and XA-Cr2FeSi. For

Mn2FeZ compounds, L21-Mn2FeAl, XA-Mn2FeAl, L21-

Mn2FeGa, and XA-Mn2FeGa are FiM states, while the others

are FM states.

The Fe2YSi alloys series have been studied theoretically and

experimentally by Luo et al. [60]. Our results in total magnetic

moment and lattice structure agree well with those reported in

Ref. [60], except for L21-Fe2MnSi that the magnetic moment is

1 μB smaller than the experimental value. This mainly comes

from the antisite disorder relation between Fe and Mn atoms

[60]. Luo et al. also show that the magnetic states of Fe2YSi are

Fi2, Fi2, FM, and FM with respect to Y = Cr, Mn, Fe, and Co.

Among them, the FiM magnetic states of L21-Fe2CrSi and L21-

Fe2MnSi are different from our FM states. This discrepancy may

results from the difference in lattice constants. To demonstrate

that the variation of lattice constant can affect the DOS in

Heusler alloys, we show in Figure 3 the DOS of Cr3Z (Z = Al,

Ga, and Si) with the lattice constants differing by ~ 5%. Our

results reveal a transition from normal metal to a spin gapless

semiconductor, gapless half metal and half metal for Cr3Al,

Cr3Ga, and Cr3Si, respectively [30]. Like half metal, both spin

gapless semiconductor and gapless half metal have completely

spin polarization at the Fermi level. Figures 4A,B illustrates the

electronic structures of Mn3Al and Fe2MnSi in AFM and FM

half-metallic states, respectively. There is a band around EF in the

majority spin channel with an energy gap opened in the minority

spin channel for both Mn3Al and Fe2MnSi. The energy gaps are

0.45 and 0.5 eV for Mn3Si and Fe2MnSi, respectively. For half

metal, the energy width from the highest occupied states of

minority spin to the Fermi level is important, too. This is named

as half metal gap (HM gap), which is the minimum energy to flip

minority spin electron from the highest valence band to the

Fermi level. The HM gap is 0.088 (0.071) eV for Mn3Al (L21-

Fe2MnSi). Since both compounds have L21 structures, Mn(B) has

a similar local environment as in a bcc sublattice. Therefore, the

FIGURE 3
The spin-resolved total density of states for (a) Cr3Al, (b)
Cr3Ga, (c) Cr3Si at different lattice constants. Blue one (solid line)
means the equilibrium lattice constant, and red is one to
enlarge +5%.

FIGURE 4
Total and atom-orbital-decomposed DOS for (A) AFM-HM
Mn3Al, and (B) FM-HM L21-Fe2CrSi.
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PDOS of Mn(B) in these two compounds is very similar. From

PDOS of Mn(B), it is clear to see that valence electrons are almost

occupied spin-up states, results in large spinmoment (2.8 μB). On

the contrary, PDOS of Mn (A, C) shows that its valence electrons

mainly occupy the spin-down states, leading to a smaller

antiparallel spin moment (-1.4 μB) than that of Mn(B). This

PDOS analysis shows Mn3Al is AFM half-metal. For L21-

Fe2MnSi, since Fe has one more electron than Mn, this leads

to an increase in the number of electrons occupying the spin-up

states at the (A, C) site. Also, Si has one more electron than Al,

which shifts the Fermi level upward slightly. Therefore, L21-

Fe2MnSi forms FM-HM.

To illustrate the substitution effect on magnetism, we take

Fe2YGa as an example for discussion below. Figure 5 shows total

DOS and atom-decomposed partial DOS of these compounds.

Starting with Fe3Ga, the Fe-3d spin up bands span from the

Fermi level down to ~ − 4 eV with the spin up band energies

about 2 eV higher spanning from ~ − 2 eV to ~ 2 eV. The energy

shift between the spin up and down channels is about 2 eV due to

the strong exchange interaction in magnetic Fe ions. The Ga-p

bands exhibit amuchwider bandwidth ranging from the Fermi level

down to ~ − 6 eV because of the covalent bonding character. The

local environment of Fe(B) is very different from that of Fe (A, C)

with the former comprising eight magnetic Fe (A, C) atoms and the

latter consisting of 4 magnetic Fe(B) and 4 nonmagnetic Ga(D)

atoms. Consequently, the exchange coupling in Fe(B) is stronger

than that in Fe (A, C) (Figure 5), leading to the enhanced magnetic

moment of 2.42 μB and suppressed moment of 1.89 μB, respectively,

as listed in Supplementary Table A2. Similar behavior has also been

reported previously [52].

FIGURE 5
Total and atom-decomposed partial DOS of (A) L21-Fe2CrGa, (B) L21-Fe2MnGa, (C) L21-Fe3Ga, and (D) XA-Fe2CoGa.
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When we substitute one Fe in Fe3Ga with Cr or Mn, they

prefer the B-site to form the normal structure. As shown in

Supplementary Table A1, the total energies of Fe2CrGa and

Fe2MnGa in normal structure are indeed lower than that in

inverse structure. Since Cr and Mn have respectively 2 and

1 fewer valence electrons than Fe, the majority spin band is

no longer completely filled. On the other hand, the minority spin

band shifts slightly toward lower energy due to the relatively

weaker exchange interaction. This effect is stronger in Fe (A, C)

and results in much smaller magnetic moments of Fe (A, C) in

L21-Fe2CrGa and L21-Fe2MnGa. As shown in Figures 5A,B, the

main contributions of DOS at the Fermi level (EF) come from Fe

(A, C) and Cr or Mn in the majority spin channel, while the

minority spin DOS(EF) are almost vanished, leading to nearly

half metals with high spin polarization at EF for L21-Fe2CrGa and

L21-Fe2MnGa (99 and 75%, respectively). Similar behavior can

be found when Ga is replaced by Al. Further, when Ga is replaced

by Si, its spin polarization reaches 100%.

When Fe substitutes for Co, Co atom prefers to occupy the

(A, C) sites and forms the inverse structure. Take Co residing in C

site as an example (Figure 5D), the total and partial DOS of XA-

Fe2CoGa are quite similar to Fe3Ga due to the similar local

environment. However, the extra electron from Co occupies the

minority spin bands, leading to slightly smaller total magnetic

moment in XA-Fe2CoGa (5.13 μB) than Fe3Ga (6.05 μB).

Topological materials are of high research interest in the past

decade due to novel phenomena and promising technological

applications. We have also studied the topological aspect of

obtained band structures for all the Heusler compounds

investigated in this work. Interestingly we found few Heusler

alloys with topological band structure such as 3-dimensional

(3D) Dirac and nodal-line bands shown in Figure 6 and discussed

below. Figure 6A shows the band structure of the Fe2CrAl inverse

Heusler structure. Among the spin down bands (red-dashed),

there exist two parabolic bands around the high symmetric point

X about 0.3 eV above EF with one concave up and one concave

down. They come across each other along high symmetric lines

XΓ and XW, leading to Dirac cone-like linear bands with a

crossing node (i.e., the Dirac point) and a small gap, respectively.

This is the typical band dispersion of the 3D Dirac semimetal

such as Cd3As2 [53] and Na3Bi [54]. Note that the Dirac bands in

Cd3As2 and Na3Bi are doubly degenerate non-spin polarized

bands. In contrast, the Dirac-like bands of Fe2CrAl here are

indeed spin polarized (spin down) single bands as can be seen in

Figure 6A. Therefore, Fe2CrAl should belong to the 3D Weyl

semimetal category. Owing to the high tunability, Heusler

candidate of 3D Weyl semimetal might provide a helpful

platform to understanding the relationship between the

topology and various physical properties [55, 56].

After replacing Cr withMn (Figure 6B), the band structure of

Fe2MnAl remains similar with the Fermi level shifted upward

due to the extra electron of Mn. Consequently, the Weyl point

shifts to a lower energy closer to the Fermi level. Further, with Si

replacing Al (Figure 6C), the two parabolic bands of Fe2CrSi

cross each other linearly through two Weyl-point-like nodes

almost at EF. Actually, these two Weyl-point-like nodes would

form a nodal ring circulating the high symmetry point X, which is

similar to the nodal-line semimetal [56]. Recently, magnetic

Weyl nodal-line materials have attracted increasing attention.

For example, Ti3C2 has been theoretically predicted as a 2D

magnetic Weyl nodal-line material with an extraordinary high

Curie temperature above 800 K [57]. In our work, the Curie

temperatures of XA-Fe2CrAl, XA-Fe2MnAl, and XA-Fe2CrSi are

estimated to be 1,152, 1,026, and 919 K, respectively. Based on

our calculations and literature survey [48], the overestimation of

Tc by the mean field approximation is less than 50%. Although

our calculations may quantitatively overestimate the Curie

temperatures, it can be qualitatively declared that these three

compounds are ferromagnetic Weyl nodal-line compounds with

extraordinary high Tc. According to our research survey, three-

dimensional Weyl nodal-line compounds with high Curie

temperatures have not yet been reported. Therefore, Fe2CrSi

FIGURE 6
Band structure for (A) XA-Fe2CrAl, (B) XA-Fe2MnAl, (C) XA-Fe2CrSi. Blue solid curves denote the spin-up bands, while red-dashed curves
indicate spin-down bands. Blue shaded region indicates the continuous gap in the spin up channel.
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discovered in this work serves as a good platform to study the

magnetic Weyl nodal lines.

Further, the above mentioned topology-related bands are all

located within the continuous gap with the energies of these

crossing points very close to EF (all within 0.3 eV around EF).

Such well-behaved topological bands will make experimental

measurements on the evolution from 3DWeyl semimetal toward

magnetic nodal-line semimetal via ion substitution highly

feasible. Thus our work can facilitate the design and

prediction of the magnetic topological properties in Heusler

alloys.

The Curie temperature Tc of ferromagnets is the temperature

that the magnetization of the magnetic material would disappear.

High Tc material is also a key ingredient for the spintronic

applications. The Tc can be calculated within the mean field

approximation (MFA). In the classical Heisenberg model, the

Hamiltonian (H) of a spin system can be written by

H � −∑
i,j

JijSi · Sj, (1)

where Jij is the pair exchange coupling parameter and Si, and Sj
represent unit vectors of the magnetization of the spin. Within

MFA, the Curie temperature of single lattice can be written as

follow

3
2
kBT

MFA
C � J0 ∑

j

J0j, (2)

where kB, J0, and J0j denote Boltzman’s constant, average

exchange coupling parameter, and pair exchange coupling

parameter, respectively.

Theoretically, the exchange parameters J0j can be obtained

from the total energy differences of ab initio calculations with

different magnetic configurations. For the ferromagnetic

materials, the first (nearest) exchange parameters is usually

the largest one. Simple evaluation of Tc leads to
3
2kBT

MFA
c � Jmax. Here, Jmax is the first exchange parameter.

The Jmax is calculated from the energy differences between

ferromagnetic and nonmagnetic states. In this study, the

Jmax = − EM/6 is used for the X2YZ Heusler alloys in both L21
and XA structure. The number 6 indicates that there are six

nearest magnetic atoms. The Jmax = − EM/12 is used for the X3Z

alloys. The calculated Curie temperature is also listed in

Supplementary Table A2.

In order to establish a level of confidence for our estimated

Curie temperatures, below we compared our results with those

reported in previous experimental and theoretical works. In

2006, Kubler [48] has calculated the Curie temperature of L21
Mn3Al, Mn3Ga and Co2FeSi, and their values are 342, 482, and

1267 K, respectively. Our obtained Tc for these three

compounds are respectively 309, 458, and 1629 K. The

deviation from the Kubler’s calculated Curie temperature

are 10.7%, 5.2%, and 22%, respectively. In terms of

experiments, we also found a fairly early literature [49]

documenting that the Curie temperatures of Fe3Al and

Fe3Si are 713 and 840 K, respectively. They are also in good

agreement with our estimations of 710 and 709 K,

respectively. Different from previous experience that mean

field approximations usually overestimate the value of Tc, the

good agreement obtained in this work is probably due to the

highly accurate lattice constants and magnetic moments in

comparison with the experimental values. On the other hand,

our calculated Tc are higher than the experimental values of

830K and 1261K for XA-Fe2CoAl and L21-Co2FeAl,

respectively, as measured by Ahmad [50]. Yet the order of

magnitudes remain similar, and the calculated Tc can still be

an important indicator for spintronics.

3.2 Mechanical properties

To understand the mechanical properties and stability of a

solid, we have calculated the elastic constants and related physical

quantities of the Heusler compounds X2YZ as discussed below.

Since the Heusler compounds studied in this work all belong to

the cubic symmetry, we need only to consider three independent

elastic constants, i.e., C11, C12, and C44. These independent elastic

constants are determined from the strain-stress relations by

introducing finite distortions into the cubic symmetric lattice.

Once the elastic constants are obtained, we can determine the

bulk modulus B, shear modulus G, Voigt shear modulus GV [61],

Reuss shear modulus GR [62], Young’s modulus E, anisotropy

factor A, Poisson’s ratio ν, and Pugh’s ratio B/G from the

following equations [63]

B � C11 + 2C12

3
, (3)

G � GR + GV

2
, (4)

GV � C11 − C12 + 3C44

5
, (5)

GR � 5 C11 − C12( )C44

4C44 + 3 C11 − C12( ), (6)

E � 9GB
3B + G

, (7)

A � 2C44

C11 − C12
, (8)

] � E

2G
− 1, (9)

where GV and GR are derived from different approaches. The GV

is based on the assumption of uniform local strain, while the GR is

based on the assumption of uniform local stress. These two

different approaches have been shown [64] that the Voigt and

Reuss shear modulus yield the strict upper and lower bound,

respectively. Therefore, the average value of the GV and GR is

usually used to characterize the shear modulus.
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The mechanical stability criteria for the cubic structure [65]

are as follows:

C44 > 0, (10)
C12 <B<C11, (11)

B> 0. (12)

As shown in Supplementary Table A3, all the calculated C44

and B coefficients are positive. Consequently, the mechanical

stability will be determined by Eq. 11. If C11 <C12, both A and GR

are negative, which indicates the structure is mechanically

unstable. Accordingly, most of the studied cases listed in the

table are mechanically stable except that Mn3Z, Fe2CoZ (Z = Al,

Ga), and Fe2CrSi in L21 structure, and Co2FeZ (Z= Al, Ga) in XA

structures are mechanically unstable. For L21-Fe2CrSi, the

unstable features can also be found in the Hill shear modulus

(G) and Young’s modulus (E). In principle, C11 − C12 can be

understood as the elastic constant under the orthogonal

distortion of the conserving volume.

Bulk modulus B is also called incompressibility of a material.

Supplementary Table A3 shows that most alloys in our study

have the B values larger than 160 GPa of steel, indicating stronger

incompressibility than steel. Alternatively, higher bulk modulus

also means higher hardness. Interestingly, the bulk modulus of

Fe3−xYxSi is obviously larger than that of Fe3−xYxAl and

Fe3−xYxGa. Further, most of the B values of Fe2CrZ, Fe2MnZ,

and Co2FeZ (Z= Al, Ga, Si) in L21 structure are larger than those

in XA structure. On the contrary, most of the B values of Cr2FeZ,

Mn2FeZ, and Fe2CoZ (Z= Al, Ga, Si) in L21 are smaller than those

in XA. Combining these results with those in Supplementary

Table A1, we can conclude that Heusler alloys with smaller lattice

constants exhibit higher incompressibility.

In material science, shear modulus G is also known as

modulus of rigidity. It is used to measure the ability of a

material to resist the changes in chemical bonding angle by

external force. This modulus is more related to the hardness of a

material. In our calculation, the smallest values of shear modulus

are 37.6 and 40.2 GPa for L21-Fe2CoSi and Co3Si, respectively.

These values are very closed to the shear modulus of Phosphor

Bronze (38 GPa) and Brass (40 GPa). The largest value of G is

128 GPa for L21-Fe2MnAl, which is very close to the shear

modulus of chromium.

Combining the shear modulus and bulk modulus, the well

known Pugh’s ratio [63] of B/G can be used to estimate the failure

behavior of compounds. A material is classified to be a ductile

matter if B/G > 1.75, otherwise it belongs to a brittle matter.

Therefore, L21-Fe2CoSi and Co3Si with the largest B/G values

(5.5, 5.2) indicate the most ductile among all compounds in our

study. According to this empirical criterion, most of the

compounds studied are ductile except for Cr3Al, Cr3Ga, L21-

Fe2MnAl, XA-Fe2MnAl, and L21-MnGa with more brittle

properties. Interestingly, materials with very huge B/G values

are too ductile to be stable. This behavior is consistent with the

trend of stiffness that the more stiffness the material, the less

ductility it is.

Generally, Young’s modulus E can present the stiffness of the

material: a higher value of E indicates the material is stiffer. We

found that L21-Fe2CoSi has the smallest Young’s modulus of

106.4 GPa among all the mechanically stable Heusler compounds

studied. This ultra low Young’s modulus value is very close to

106±10 GPa of the ultraelastic high-entropy alloys recently

reported in Nature [66]. In addition to L21-Fe2CoSi, Co3Si

also has a very low Young’s modulus of 113.5 GPa, while

remains mechanically stable. As such, these two Heusler alloys

are excellent candidates for ultraelastic metals with high potential

in advanced mechanical industry.

The Poisson’s ratio provides useful information to

understand the characteristics of the bonding forces in a

material [67]. It has been proved that ν = 0.25 is the lower

limit of the central force solid, and ν = 0.5 is the upper limit of the

infinite elastic anisotropy [68]. It has also been suggested to judge

the brittleness and ductility as ν < 1/3 and ν > 1/3, respectively

[69]. According to the above conditions, apart from the

mechanical unstable materials which exhibit negative

modulus/anisotropy factor, we found that 3 binary Heuslers

Fe3Ga, Co3Ga, Co3Si, 5-L21 Heuslers Cr2FeSi, Fe2MnSi,

Mn2FeSi, Fe2CoSi, Co2FeSi, and 4-XA Heuslers Mn2FeGa,

Cr2FeSi, Mn2FeSi, Co2FeSi are ductile, and the others are

brittle. The anisotropy factor A, as shown in Supplementary

Table A3, of a solid can be used to predict whether the considered

compounds are mechanical isotropy or anisotropy. A, also called

the shear anisotropy factor, is defined as the ratio of the shear

modulus between [001] and [1–10] directional stress on the shear

plane (110). For the orthorhombic crystal, the shear modulus for

a shear system (hkl)[uvw] is given by [70, 71].

1
G
� 4s11 l211l

2
21 + l212l

2
22 + l213l

2
23( ) + 8s12 l11l21l12l22 + 2l11l22l13l23 + 2l11l21l13l23( )

+s44 l12l23 + l22l13( )2 + l11l23 + l21l13( )2[ + l11l22 + l21l12( )2], (13)

where (l11, l12, l13) is the direction of the shear stress, (l21, l22, l23)

is the normal vector of the shear plane (hkl), and sij is the elastic

compliance constants (s � C−1
ij ). Also, the Young’s modulus

depends on the stress direction (l1, l2, l3). The relation

between them is [70, 71].

1
E
� s11l

4
1 + s22l

4
2 + s33l

4
3 + 2s12 + s66( )l21l22 + 2s23 + s4( )l22l23

+ 2s13 + s55( )l21l23. (14)

Therefore, the elastic anisotropy factor can be defined not

only by the shear modulus but also by bulk and Young’s modulus.

Moreover, there are other definitions of elastic anisotropy factors

such as percentage anisotropy incompressibility and shear [72]

anisotropy. The shear anisotropic factors provide a measure of

the degree of anisotropy in the bonding between atoms in

different planes. As shown in Supplementary Table A3, the

value of A for all the studied compounds is not equal to 1,
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which indicates that they are all elastic anisotropic. The

difference of A from 1 (either larger or smaller than 1)

provides an indication to estimate the level of elastic

anisotropy acquired by the crystals.

To clarify the elastic anisotropy, we also present the

orientation dependence of shear modulus and Young’s

modulus as shown in Figure 8 and Figure 7, respectively. For

the shear modulus, we present all directional values on (110)

shear plane. The anisotropy factor A equals to the ratio between

the x-intercept and y-intercept of the shear modulus contour. It

is clear that L21-Fe2CoAl and Mn3Al (Figures 7B,D,

respectively) exhibit very strong anisotropy pattern for the

Young’s modulus, which means these materials are not

stable. L21-Fe2CrSi (Figure 8B) also exhibit strong anisotropy

for the shear modulus.

Supplementary Table A4 lists calculated thermodynamics

related results such as the density ρ, longitudinal vl, transverse vt,
average vm sound velocity, Debye temperature ΘD, melting

temperature Tm, and minimum thermal conductivity κmin.

According to the Debye theory, the Debye temperature ΘD of

a material correlates to the elastic properties and the

thermodynamic properties. Therefore it is of importance to

FIGURE 7
The directional Young’smodulus (E, in GPa) with tensile axis rotated from [100] to [010]. The Young’smodulus of binary compound (A) Fe3Al, (D)
X3Al. (B) and (C) are the Young’s modulus of Fe2XAl in L21- and XA-structure, respectively. (E) and (F) are the Young’s modulus of X2FeAl in L21- and
XA-structure, respectively.
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calculate the Debye temperature in this study. The Debye model

assumes that the solid is elastic continuum in which all sound

waves travel at the same velocity independent of their

wavelength. The Debye temperature is the temperature of a

crystal’s highest normal mode of vibration. The lattice

vibrations also determine the thermodynamic properties such

as thermal expansion and melting temperature Tm of a solid. It

also corresponds to the structural stability and the strength of

bonds. The phase velocity of a solid can be determined from the

transverse and longitudinal modes by using elastic constants. In

this study, transverse vt and longitudinal vl as well as average vm
sound velocity are calculated from Navier’s equation [73] as:

vl �








3B + 4G

3ρ

√
, vt �




G

ρ

√
(15)

and

1
vm

�











1
3

1
v3l

+ 2
v3t

( )3

√
. (16)

The Debye temperature can be estimated from the average

elastic wave velocity vm:

ΘD � h

kB






3n
4πV

3

√
vm (17)

FIGURE 8
Contours of the shear modulus (G, in GPa) for shear stress along [001] to [1–10] on the (110) shear plane. The shear modulus of binary
compound (A) Fe3Al, (D) X3Al. (B) and (C) are the shear modulus of Fe2XAl in L21- and XA-structure, respectively. (E) and (F) are the shear modulus of
X2FeAl in L21- and XA-structure, respectively.
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where h is the Planck constant, kB is the Boltzmann constant, n is

the number of atoms per formula, V is the atomic volume, and vm
is the average sound velocity. It is clear that the sound velocity is

related to the elastic moduli (B and G).

As shown in Supplementary Table A4, the average sound

velocity vm ranges from 1721 to 3,089 m/s2. We can find that G

has more influence than B in the magnitude of sound velocity.

For instance, among all Fe3−xYxZ, L21-Fe2MnAl has the largest

sound velocity and shear modulus, but does not show the

largest bulk modulus. Due to the smallest shear modulus, the

Debye temperature ΘD of Fe3Ga, Co3Ga, Co3Si, XA-Mn2FeGa,

XA-Co2FeSi, XA-Fe2CoGa, and L2 − 1-Fe2CoSi ranging from

249 to 294 K are lower than room temperature. In contrary, the

ΘD of L21-Fe2CrAl, Cr3Al, L21-Fe2MnAl, and XA-Fe2MnSi

larger than 400 K also come from their largest G, which

means that the larger ΘD reflects the higher hardness.

Actually, the Debye temperature estimated in this way is

usually overestimated than the actual value because the

contribution of the optical phonon is ignored here. However,

it is still a useful reference in spintronic material design.

Further, the melting temperature is a fundamental parameter

for the materials being used in heating systems. Materials with

high melting temperature are favorable to remain stable against

large range of temperature. Fine et al. [74] have studied many

cubic metals and compounds and obtained an approximate

empirical formula for Tm:

Tm � 533 + 5.91C11[ ] ± 300. (18)

In our calculations, the melting points of 16 alloys are higher

than 2000 K, and overall they are higher than 1500 K.

Particularly, most of Fe3−xYxZ family show higher melting

temperature than stainless steel (1̃700 K). We also find that

the melting temperature is highly related to the Debye

temperature, i.e., higher ΘD usually correspond to the higher

melting temperature.

Beyond Debye and melting temperature, the thermal

conductivity is the property of a material that describes its

ability to conduct heat. To know if a material is a potential

candidate for thermal application, the thermal conductivity

needs to be investigated. Thermal conductivity is contributed

from electron and phonon (lattice). In this study, we focus on the

lattice thermal conductivity for possible thermal-related devices

based on Heusler materials. Following the Debye model, Clarke

[75] suggested that the theoretical minimum thermal

conductivity at high temperatures is in proportional to the

mean phonon velocity and the phonon mean free path. The

mean phonon velocity is written in terms of the Young’s modulus

and its density and the minimum phonon mean free path is the

cube root of the volume of a molecule. Therefore, the minimum

thermal conductivity κmin can be evaluated as:

κmin � 0.87kBN
2/3
A

n2/3ρ1/6E1/2

M2/3
, (19)

where NA is the Avogardo’s number, n is the number of

atoms per molecule, ρ is the density, and M is the molecular

mass. The calculated minimum thermal conductivity is

summarized in Supplementary Table A4. All the κmin

values are below 3 W/mK, indicating that these Heusler

compounds serve as low lattice thermal conductivity

materials. The low thermal conductive material is

essential to improve the performance of thermoelectric

conversion materials. Furthermore, we also find that L21
structure generally leads to higher thermal conductivity

than that given from XA structure, except for Cr2FeAl,

Cr2FeSi, Fe2MnSi, and Fe2CoSi. This is because that L21
is more symmetric than XA as suggested by Miyazaki et al

[76]. In Eq. 19, kB, NA, and n are constants and density ρ can
be in terms of M and equilibrium lattice constant l0.

Therefore, κmin is directly proportional to







l0E/M

√
. That

means smaller lattice constant, larger molecular mass, and

larger Young’s modulus are helpful to guide the design of

low thermal conductive material. In our case, Young’s

modulus has more significant effect than l0 for thermal

conductivity.

4 Conclusion

We have investigated a series of Fe-based Heusler

compounds Fe3−xYxZ (x = 0, 1, 2, 3; Y= Cr, Mn, Co; Z=

Al, Ga, Si) with L21 and XA structure. Based on the calculated

formation energies and mechanical property analysis, most of

the studied Heusler compounds are thermodynamically

stable and could be synthesized experimentally. For the

substitution effect, we found that replacing Fe in Fe3Z with

Cr, Mn, or Co shows very different trends in magnetic

property and spin polarization. For Co substitution,

Fe3−xCoxZ remains a ferromagnetic state like Fe3Z with

higher total magnetization ranging from 4 to 6 μB/f. u.

Whereas replacing Fe with Cr or Mn, the spin moments

between Cr(Mn) and its neighboring atoms tend to align

antiparallel in most cases with high spin polarization at EF.

Furthermore, we predict that Mn3Al and Mn3Ga are

antiferromagnetic half metals, while Mn3Si is ferrimagnetic

half metal. These rarely found low-moment magnetic

materials with high spin polarization at EF are important

for spintronics applications due to the lower energy

consumption. In addition, an ideal semiconductor spin

electron injection source should not only possess a high

spin polarizability, but also a high Curie temperature. We

found that among all materials in this study, L21-Fe2CrSi and

XA-Mn2FeGa satisfy both high spin polarizability ( > 95%)

and high Curie temperature ( > 800 K), and is expected to be

an ideal semiconductor spin electron injection source. As for

the topological aspect, we also found that several Heusler

alloys may possess topological properties. Specifically, we
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predict XA-Fe2CrAl and XA-Fe2MnAl as the 3D Weyl

semimetal. Furthermore, XA-Fe2CrSi is predicted to be the

magnetic nodal-line semimetal. The calculated Curie

temperatures of Mn3Al, and Mn3Si and XA-Co2FeSi are in

good agreement with previously theoretical values, while the

calculated Tc of Fe3Al and Fe3Si are in good agreement with

previous experimental values, implying that our calculations

provide a reasonably good starting point for material

application. Based on the mechanical property analysis

including bulk, shear, Young’s modulus, as well as Debye

and melting temperature, we demonstrate that L21-Fe2CoSi

and Co3Si are high-potential candidates of ultraelastic metals

for advanced mechanical industry. Our work provides useful

guides in Heusler compounds for applications in future

spintronics and development of high-performance

ultraelastic metals.
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