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Abstract 

Here, we present results of a computational study of electronic, magnetic, and structural 

properties of FeVTaAl and FeCrZrAl, quaternary Heusler alloys that have been recently reported 

to exhibit spin-gapless semiconducting behavior. Our calculations indicate that these materials 

may crystallize in regular Heusler cubic structure, which has a significantly lower energy than the 

inverted Heusler cubic phase. Both FeVTaAl and FeCrZrAl exhibit ferromagnetic alignment, with 

an integer magnetic moment per unit cell at equilibrium lattice constant. Band structure analysis 

reveals that while both FeVTaAl and FeCrZrAl indeed exhibit nearly spin-gapless semiconducting 

electronic structure at their optimal lattice parameters, FeVTaAl is a 100% spin-polarized 

semimetal, while FeCrZrAl is a magnetic semiconductor. Our calculations indicate that expansion 

of the unit cell volume retains 100% spin-polarization of both compounds. In particular, both 

FeVTaAl and FeCrZrAl are 100% spin-polarized magnetic semiconductors at the largest 

considered lattice constant. At the same time, at smaller lattice parameters, both compounds 

exhibit a more complex electronic structure, somewhat resembling half-metallic properties. Thus, 

both of these alloys may be potentially useful for practical applications in spin-based electronics, 

but their electronic structure is very sensitive to the external pressure. We hope that these results 

will stimulate experimental efforts to synthesize these materials. 

 

I. Introduction 

Generation of highly spin-polarized current is one of the main building blocks of spin-

based electronics (spintronics). Among various types of materials and systems studied, half-
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metallic Heusler compounds attracted particular attention, since, in principle, they can provide 

100% spin-polarization at room temperature. Here, spin-polarization 𝑃𝑃 is defined as 𝑃𝑃 =

�𝑁𝑁↑(𝐸𝐸𝐹𝐹)−𝑁𝑁↓(𝐸𝐸𝐹𝐹)
𝑁𝑁↑(𝐸𝐸𝐹𝐹)+𝑁𝑁↓(𝐸𝐸𝐹𝐹)�, where 𝑁𝑁↑↓(𝐸𝐸𝐹𝐹) is the spin-dependent density of states (DOS) at the Fermi level, 

EF.0F

1 As immediately follows from the definition of spin-polarization, it can reach its maximum 

possible value of 100% in systems that behave as electric conductors for one spin channels, and 

insulators / semiconductors for the opposite spin. Such materials are usually called half-metallic, 

and their existence was predicted in early 1980s by de Groot et al.1F

2 Since then, many half-metals 

were suggested and discovered.2F

3,
3F

4,
4F

5,
5F

6,
6F

7,
7F

8,
8F

9,
9F

10  

In addition to half-metals, a new class of compounds, namely spin-gapless semiconductors 

(SGS) have attracted recent attention, mostly because of their potential applications in 

semiconductor spintronics. Spin-gapless semiconductor is a material with semiconducting 

properties for one spin channel, and gapless band structure for the opposite spin. Thus, in principle 

SGS compounds should provide semiconducting electron transport, while exhibiting nearly 100% 

transport spin-polarization. The concept of spin-gapless semiconductivity was suggested by X. L. 

Wang in 2008.10F

11 Since then, several systems have been reported to exhibit SGS behavior, 

including various Heusler alloys such as Mn2CoAl, FeCrTiAl, CoCrFeAl, etc.11F

12,
12F

13,
13F

14,
14F

15 To some 

extent, achieving ideal (or nearly ideal) SGS behavior in a given system may be more challenging 

than achieving half-metallicity, since many factors that are nearly unavoidable in real systems 

(atomic vacancies and other lattice imperfections) may have a detrimental impact on SGS 

properties of a given material.15F

16 

In this work, we employ density functional calculations to study two quaternary Heusler 

alloys, FeVTaAl and FeCrZrAl that have been recently reported to exhibit SGS properties.14 Our 

band structure analysis indicates that while both FeVTaAl and FeCrZrAl indeed exhibit nearly 

SGS electronic structure at their optimal lattice parameters, more precisely FeVTaAl is a 100% 

spin-polarized semimetal, while FeCrZrAl is a magnetic semiconductor. At different than optimal 

lattice constants, these compounds exhibit a somewhat complex behavior. In particular, at the 

largest considered unit cell volumes, both materials are magnetic semiconductors, while at the 

smallest considered lattice constants, both alloys somewhat resemble a half-metallic structure. We 

hope that these results will stimulate experimental efforts to synthesize these materials. 
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II. Computational methods  

In this work, we use density functional calculations implemented in the Vienna ab initio 

simulation package (VASP).16F

17 In particular, we use the projector augmented-wave method 

(PAW)17F

18 and generalized-gradient approximation (GGA) method proposed by Perdew, Burke, and 

Ernzerhof,18F

19 as well as the integration method by Methfessel and Paxton with a 5 × 10−2 eV width 

of smearing.19F

20 The energy convergence criterion of 10−3 meV and a k-mesh of 8×8×8 are 

implemented for the electronic and magnetic structure calculations. The MedeA® software 

environment20F

21 is used for visualizing the crystal structures (not shown in the text) and for 

calculating and plotting electronic band structures. The reported calculations were performed using 

the Advanced Cyberinfrastructure Coordination Ecosystem: Services & Support (ACCESS) 

(formerly known as Extreme Science and Engineering Discovery Environment (XSEDE)) 

resources located at the Pittsburgh Supercomputing Center (PSC)21F

22, the resources of the Center 

for Functional Nanomaterials (CFN) at Brookhaven National Laboratory (BNL), as well as the 

high-performance computing cluster located at the University of Northern Iowa (UNI).  

 

III. Results 

FeVTaAl and FeCrZrAl belong to a class of regular cubic Heusler alloys, with the 

following Wyckoff atomic coordinates: Fe (0,0,0), V/Cr (1/2,1/2,1/2), Ta/Zr (3/4,3/4,3/4), Al 

(1/4,1/4,1/4). The other possible crystal structures (such as inverted cubic phase) have much higher 

energies, which was reported earlier,14 and which was also verified by ourselves (the data not 

shown here for brevity reasons). The calculated lattice parameters are 6.093 Å for FeVTaAl, and 

6.189 Å for FeCrZrAl, in good agreement with the results reported by Gao et al.14 Figures 1(a) and 

2(a) show calculated total energy (black line and circles) and magnetization (blue line and squares) 

values of FeVTaAl and FeCrZrAl, correspondingly, as a function of lattice constant (for the results 

reported in this work, the volume of the unit cell was kept cubic). Figures 1(b) and 2(b) show 

calculated element resolved magnetic moments of FeVTaAl and FeCrZrAl, correspondingly (the 

magnetic moment of Al is negligible and is not shown). As one can see from the Figures 1(b) and 

2(b), both FeVTaAl and FeCrZrAl are ferromagnetic in the entire range of the considered lattice 

parameters. In addition, both materials have essentially integer magnetization at the equilibrium 

lattice constant and under expansion of the unit cell. At the smaller than equilibrium lattice 
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constants, the magnetization somewhat deviates from its integer value. The integer value of 

magnetization may serve as an indication of a 100% spin-polarized compound. Indeed, in such 

compounds, the valence band of one of the spin channels is fully occupied, therefore the number 

of valence states of this spin is an integer. The total valence charge is also an integer; therefore 

100% spin-polarized materials exhibit integer total magnetic moment per formula unit.22F

23  
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Figure 1: Calculated total energy (black line and circles) and magnetic moment (blue line and squares) (a), as well 
as element resolved magnetitic moments of FeVTaAl (b) as a function of lattice constant. The element resolved 
magnetic moments are colored / labeled as indicated in the figure, i.e. Fe – black line and squares, V – red line and 
circles, Ta – blue line and triangles.  
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Figure 2: Calculated total energy (black line and circles) and magnetic moment (blue line and squares) (a), as well 
as element-resolved magnetitic moments of FeCrZrAl (b) as a function of lattice constant. The element resolved 
magnetic moments are colored / labeled as indicated in the figure, i.e. Fe – black line and squares, Cr – red line and 
circles, Zr – blue line and triangles. 
 

Figure 3 shows calculated density of states of FeVTaAl (a) and FeCrZrAl (b) at their 

corresponding optimal lattice constants. As seen from this figure, both compounds exhibit nearly 
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spin-gapless semiconducting electronic structure. At the same time, the DOS profile around Fermi 

energy of these materials is distinctly different. In particular, while both spin-up and spin-down 

channels have energy gap around Fermi level, the gapless DOS feature of FeVTaAl is produced 

by top of the spin-up valence states “touching” the bottom of the spin-down conduction states. At 

the same time, for FeCrZrAl, the spin-up states appear to exhibit gapless profile at the Fermi 

energy, while the spin-down states have an energy gap of around 1 eV. The described DOS profile 

of FeVTAl is referred in literature as type-II SGS, while the DOS profile of FeCrZrAl is called 

type-I SGS.11,13,14,
23F

24  
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Figure 3: Calculated total and element resolved density of states of FeVTaAl (a) and FeCrZrAl (b) at the equilibrium 
lattice constants. The vertical line corresponds to the Fermi level. Positive / negative DOS represents spin-up / spin-
down states, correspondingly. Element resolved density of states are colored as indicated in the figure: blue – Fe, red 
– V/Cr, green – Ta / Zr, gray – Al. 

 
Figure 4 shows calculated total density of states of FeVTaAl (a) and FeCrZrAl (b) at 

different lattice parameters (indicated in the figure). One of the features seen in the figure is that 

reduction of the unit cell volume has a detrimental effect on spin-gapless semiconducting behavior 

of both compounds, consistent with the conclusions drawn from Figures 1(a) and 2(a) (deviation 

of magnetization from its integer value at smaller lattice constants). It appears from Figure 4 that 

for both FeVTaAl and FeCrZrAl the detrimental effect on SGS behavior at smaller lattice constants 

is mainly caused by a shift of the Fermi level towards higher energies relative to the spin-down 

states. At the same time, for FeVTaAl, the Fermi level appears to be shifted toward the lower 

energy spin-up states at smaller lattice constants. More detailed analysis of the effect of external 

pressure on electronic structure of these compounds is somewhat difficult with the DOS profiles 
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only, in particular since they are calculated with a non-zero smearing of 0.1 eV. With that in mind, 

we next analyze the electronic band structure of these materials.  
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Figure 4: Calculated total density of states of FeVTaAl (a) and FeCrZrAl (b) for different values of lattice parameters 
(indicated in the figure) calculated at uniform pressure. The vertical line corresponds to the Fermi level. Positive 
(black line)/negative (red line) DOS represents spin-up / spin-down states, correspondingly.  

 

 

Figure 5: Band structures of FeVTaAl (a, b, c) and FeCrZrAl (d, e, f) for different values of lattice parameters 
(indicated in the figure) calculated at uniform pressure. The horizontal line in the middle of the plots corresponds to 
the Fermi level. Red / blue lines represents spin-up / spin-down bands, correspondingly. 
 



7 
 

Figure 5 shows calculated band structures of FeVTaAl (a, b, c) and FeCrZrAl (d, e, f) at 

different lattice parameters (indicated in the figure). A close inspection of the band structures at 

the equilibrium lattice constants (Figures 5 (b) and 5 (e)) reveals some interesting features that are 

not clearly visible at the DOS plots (Figure 4). In particular, as one can see from Fig. 5 (b), 

FeVTaAl exhibits nearly perfect SGS electronic structure in equilibrium. More specifically, the 

gapless character is produced by alignment of the spin-up band (red line) at the Γ point with the 

spin-down band (blue line) at the L point. At the same time, there is a small overlap of the spin-up 

band at the Γ point with the Fermi level, thus, strictly speaking, FeVTaAl at equilibrium may be 

categorized as a 100% spin-polarized semimetal. As for FeCrZrAl, as can be seen from Fig. 5 (e), 

this material at equilibrium is actually a magnetic semiconductor, with a relatively small energy 

gap of spin-up states of ~0.2 eV. In addition to equilibrium properties, Figure 5 also reveals 

interesting electronic structure features of the considered two compounds under compression / 

expansion of the unit cell volume. In particular, as seen from Figures 5 (c) and 5 (f), at the largest 

considered lattice parameter of 6.500 Å, FeVTaAl and especially FeCrZrAl could be described as 

magnetic semiconductors, i.e. both spin channels exhibit a band gap at the Fermi level. 

Interestingly, the band structure of FeCrZrAl is not very sensitive to the expansion of the unit cell 

(compare Figures 5 (a) and 5 (f)), and overall it retains its magnetic semiconducting properties at 

larger lattice parameters. At the same time, the expansion of the unit cell results in a magnetic 

semimetal to magnetic semiconductor transition for FeVTaAl (compare Figures 5 (b) and 5 (c)). 

This transition is largely due to the shift of the Fermi level towards the band gap of the spin-up 

states. The gap itself is indirect and is reduced to around 0.1 eV upon expansion of the unit cell 

volume (see the top of the spin-up valence band at Γ point, and the bottom of the spin-up 

conduction band at X point in Fig. 5 (c)). As can be seen from the Figures 5 (a) and 5 (d), the 

compression of the unit cell has a somewhat more dramatic effect on the electronic structure of 

both FeVTaAl and FeCrZrAl than the expansion of the cell. In particular, the band gap of the spin-

up states closes for FeCrZrAl, while the Fermi level moves towards the bottom of the spin-down 

conduction band at the L point (see Fig. 5 (d)). This results in nearly half-metallic structure of 

FeCrZrAl at the smallest considered lattice constant of 5.700 Å. This does not contradict the 

deviation of the magnetization from its integer value at the smaller lattice constants that was 

mentioned above. Indeed, a close inspection of Fig. 5 (d) shows that FeCrZrAl at 5.700 Å is nearly 

but not perfectly half-metallic, due to a small overlap of the Fermi level with the bottom of the 
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spin-down conduction band at the L point. As for FeVTAl under compression, comparison of 

Figures 5 (a) and (b) reveals that this material undergoes a transition from magnetic semimetal to 

something that may be described either as a half-metal or as a magnetic semimetal. In general, the 

distinction between these two electronic structures may be not as strict and well defined, as one 

can see from Fig. 5 (a)). 

 

IV. Conclusions 

Here, we presented results of a computational study of electronic, magnetic, and structural 

properties of FeVTaAl and FeCrZrAl, quaternary Heusler alloys that have been recently reported 

to exhibit spin-gapless semiconducting behavior. Our calculations indicate that these materials 

may crystallize in regular Heusler cubic structure. Both compounds exhibit ferromagnetic 

alignment, with an integer magnetic moment per unit cell at equilibrium lattice parameter. Band 

structure analysis reveals that while both FeVTaAl and FeCrZrAl indeed exhibit nearly spin-

gapless semiconducting electronic structure at their optimal lattice parameters, FeCrZrAl is 

actually a magnetic semiconductor, while FeVTaAl is a 100% spin-polarized semimetal. In 

addition, our calculations indicate that expansion of the unit cell volume retains 100% spin-

polarization of both FeVTaAl and FeCrZrAl. In particular, both alloys are 100% spin-polarized 

magnetic semiconductors at the largest considered lattice constant. At the same time, at smaller 

lattice parameters, both compounds exhibit a more complex electronic structure, resembling half-

metallic properties. Thus, both of these materials may be potentially useful for practical device 

applications in spin-based electronics, but their properties (electronic structure, in particular) may 

be very sensitive to the external mechanical pressure. We hope that the presented results will 

stimulate experimental efforts to synthesize these materials.  
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