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Ab initio study of stable 3d, 4d, and 5d transition-metal-based quaternary Heusler compounds
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The realization of the stable structure of Heusler compounds and the study of different properties is an
important step for their potential application in spintronics and magnetoelectronic devices. In this paper, using
the plane-wave pseudopotential method within the framework of density functional theory (DFT), we investigate
25 quaternary Heusler compounds for their electronic, magnetic, and mechanical properties. The Open Quantum
Materials Database (OQMD) is used to screen a large number of compounds to narrow down the possible syn-
thesizable materials. The convex-hull distance and elastic constants are exploited to confirm the thermodynamic
and mechanical stability of the compounds. The careful study of the different structures suggests that five of
the compounds crystallize in a type-1 structure whereas 20 compounds adopt type-3 structure. The possible
explanation for the observed behavior is made by invoking electronegativity arguments and through the study of
individual spin magnetic moments in different structures. The compounds with diverse electronic and magnetic
properties such as half-metallicity, spin gapless semiconducting behavior, and nonmagnetic semiconducting
property have been identified.
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I. INTRODUCTION

Since the prediction of half-metallicity in NiMnSb by de
Groot et al. [1] in 1983, the study of Heusler compounds
has become an active research area as this particular property
could be used in spintronics devices to increase their effi-
ciency. Half-metals are compounds in which the electrons in
two different spin channels show entirely contrasting charac-
teristics allowing the complete spin polarization around the
Fermi level. They are promising candidates for spintronics
since both spin and charge can be exploited to manipulate
information storage capacity, volatility and size and shape
of the devices. The unprecedented development in the field
of technology and science has enabled us to design new
materials with different functionalities but at the same time,
their application in real spintronics devices is marred by
various challenges. The ideal candidate for spintronics ma-
terials should have qualities like low defects and disorder,
high magnetoresistance, stability against thermal fluctuation
and a Curie temperature higher than room temperature [2–5].
Furthermore, there should be similarity in crystal structure
and lattice constant of the proposed half-metallic compounds
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with semiconductors so that epitaxial growth is viable and
hence one can achieve highly polarized films necessary for
spin injection into a semiconductor. These stringent require-
ments demand rigorous and careful theoretical as well as
an experimental investigation of different potential candi-
dates to systematically engineer these compounds for various
applications.

Besides Heusler alloys, the half-metallic property has
been reported in different classes of magnetic materials such
as double perovskites [6], diluted magnetic semiconductors
[7,8], manganites [9], and a number of Zinc-blende com-
pounds of the transition metal elements with the sp elements
[10]. However, in the last two decades, Heusler alloys have
become increasingly popular due to the development of gen-
eral structure-property relations, which make it possible to
anticipate electronic and magnetic properties [11–13]. More-
over, the high Curie temperature of Heusler compounds [14]
make them appropriate candidates for room temperature ap-
plications whereas their compatible crystal structure with
semiconductors renders them suitable for nearly perfect in-
jection of spin-polarized current into semiconductors.

Heusler compounds are extensively studied ternary in-
termetallics with a large number of members having vast
varieties of magnetic properties [15,16]. Many members of
the Heusler family are reported to have diverse phenomena
extending from magnetic semiconductors, spin-gapless semi-
conductors, half-metals to topological insulators. The general
formula to represent Heusler compounds is X2Y Z , XY Z , or
XX ′Y Z , where X , X ′, and Y are transition metal atoms and
Z is a main-group element. Depending on the configuration
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FIG. 1. Schematic representation of the general cubic lattice
structure of Heusler compounds consisting of four sites per unit cell.
Various types of Heusler compounds can be formed by intermixing
different atoms on the respective crystallographic coordinates, lead-
ing to different symmetries and structures as explained in the text.

and number of elements involved, the compounds can be
full, inverse, semi or quaternary Heusler alloys (see Fig. 1).
All types of Heusler compounds crystallize with four inter-
penetrating face-centered cubic (fcc) structures. In the case
of semi-Heusler compounds, among four sublattices, one is
unoccupied whereas in other structures all are fully occupied.
In our discussion, these four sublattices are denoted by A, B,
C, and D with their respective Wyckoff position as (0,0,0),
( 1

4 , 1
4 , 1

4 ) ( 1
2 , 1

2 , 1
2 ), and ( 3

4 , 3
4 , 3

4 ).
The relative positions of each atom are often dictated by

the electronegativity argument [4]. Since the elements in the
Heusler compounds are covalently bonded, atoms with a small
difference in electronegativity are preferred in the different
sublattices during the formation of the compounds. In full
Heusler compounds, since the valence of X atom is greater
than that of Y , the two X atoms occupy A and C coordinates
whereas Y atoms positioned themselves in B coordinates and
hence the arrangement of the atoms is X−Y −X−Z along the
diagonal. Among the two coordinates A and C, when one
position is unoccupied, the structure reduces to semi or half-
Heusler compounds. The inverse Heusler alloy distinguishes
itself from the full Heusler structure in terms of the position of
X and Y atoms in the sub-lattices; here the valence of Y atoms
is greater than that of X due to which two X atoms take up A
and B coordinates resulting in the occupation of C coordinates
by Y atoms. In the unit cell, the sequence of diagonal elements
in this case looks like X−X−Y −Z . When we replace one of
the two X atoms in full Heusler alloys by a new transition
metal atoms X ′, the structure transforms to quaternary Heusler
alloys. It is important to note that though the generic formula
of quaternary Heusler compounds is XX ′ Y Z , the sequence
of atoms along the diagonal of a unit cell is X−Y −X ′ -Z . For
the structure of quaternary Heusler compounds, three different
possible nonequivalent configurations exist which would be
discussed in detail in the next section.

Both full and quaternary Heuslers synthesized with various
techniques are usually highly ordered except in cases where
there are atoms with similar kinetics like Co2MnAl [17] or
Co2CrAl [18]. In the case of Co2MnAl, usual annealing leads
to a B2 compound, and only after 15 hours of annealing at a
high temperature, the compound adopts the L21 structure. In
the case of Co2CrAl even after several hours of annealing,
both B2 and L21 lattice structures coexist. Recent experi-
ments on quaternary Heusler compounds containing Co have
shown that synthesized quaternary Heusler samples were of
very high crystallinity and ordering [19,20]. Also, Heuslers
usually depending on the conditions can be grown in vari-
ous ways. For example, Co2CrAl can be grown in the L21

ordered structure, the B2 disordered where Cr and Al are
equally distributed between the B and D sites or even the fully
disordered A2 cubic structure [21]. It is important to note that
if the stoichiometry of the compound is preserved, most of the
common types of disorder, like B2, in half-metals do not alter
the half-metallic behavior of the ordered compound [22,23].
In the case of spin-gapless semiconductors, B2 disorder leads
to a half-metallic compound [24].

The possible application of quaternary Heusler alloys
in spintronics was at first pointed out by Block et al.
[25,26] who reported a huge negative magnetoresistivity in
Co2Cr0.6Fe0.4Al at room temperature in the presence of a
small external field. The next year, Galanakis predicted half-
metallicity in several quaternary Heusler compounds [27] by
using first-principles calculations. The theoretical and experi-
mental investigation of CoFeMnSi [28] by Dai et al., in 2009,
demonstrating a large half-metallic gap triggered the study
of quaternary Heusler compounds with a 1:1:1:1 stoichiom-
etry. Alijani et al., a few years later, extended this work to
CoFeMnZ (Z = Al, Ga, Si, Ge) compounds [29] reporting
all of them as half-metallic ferromagnets. In another separate
work, for the first time, they synthesized Ni-based quaternary
Heusler compounds and predicted half-metallicity in those
compounds [30]. In 2013 Gao and collaborators, by using
the ab initio method, studied CoFeCr-based series [31] and
reported a large half-metallic gap in CoFeCrSi which was
robust against the lattice compression and inclusion of on-site
electrostatic Coulomb interaction. Recently, Gao and his team
has studied a large number of quaternary Heusler compounds
by using high-throughput density functional theory (HT DFT)
screening method and identified 70 compounds as stable spin
gapless semiconductors (SGSs) [32]. The dataset was ex-
ploited by Aull et al. [33] to identify type-I and type-II SGSs
with large gaps, and used it to predict the potential candidates
for reconfigurable magnetic tunnel diodes and transistors.

II. MOTIVATION AND AIM

In this paper, motivated by the above-mentioned work, we
aim to screen a large number of quaternary Heusler com-
pounds in the search of materials with novel properties like
half-metallicity, spin gapless semiconducting behavior, etc.
In order to achieve this goal, we exploit the Open Quan-
tum Materials Database (OQMD) [34,35] (accessed: March
2021). This database has been quite successful for accu-
rately predicting the elemental groundstate structures of the
compounds [35]. In our previous work, we have used OQMD
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to investigate several FeCr-based quaternary Heusler alloys
with interesting properties [36]. The scope of this paper is
to extend our previous work more systematically to a large
number of quaternary Heusler alloys and pave a way for ex-
perimentalists in this research area to grow these compounds
with predetermined electronic and magnetic properties.

In this work, we have investigated quaternary Heusler al-
loys where the constituent elements in the compounds are
from 3d , 4d , and 5d series of transition metal atoms. In the
literature discussed above, the majority of quaternary Heusler
alloys have magnetic atoms with partially filled 3d shells.
Hence, it would be edifying and interesting to analyze and
compare the results of the compounds containing only 3d
electrons with the compounds containing the mixture of 3d ,
4d and 5d elements. It has been observed experimentally
that the substitution of 3d elements in equiatomic quaternary
Heusler alloys with 4d elements improves the degree of disor-
der and increases the Curie temperature [37]. Furthermore, the
half-metallicity of such compounds is robust against lattice
parameter variation and tetragonal distortion [38]. In addition,
due to strong hybridization between 3d and 4d or 5d valence
states, one can expect a large gap in quaternary Heusler alloys
whose constituent elements are 4d or 5d atoms. A few at-
tempts have been made to study such compounds theoretically
[39–45] but the initial scanning of Convex-hull distance of
the majority of compounds mentioned in the literature shows
a value greater than 0.20 eV/atom making them difficult to
synthesize experimentally.

The realization of stable structures that are experimentally
feasible among different possible configurations is one of the
major challenges of computational materials science. Hence,
it is very important that we apply different chemical and en-
ergy constraints to rule out the compounds which are unlikely
to be formed. Among different thermodynamic constraints,
the formation energy is frequently used to predict the stability
of the compound. It can be defined as the energy difference
between the total energy of the bulk compound and the sum
of the energies of the constituent atoms in the elemental phase.
The negative value of formation energy is necessary to grow a
compound in a given structure. However, it is not sufficient to
predict whether a particular structure is stable against other
similar phases at the given stoichiometry. The convex-hull,
which for a given stoichiometry can be defined as the phase
with the minimum energy among different studied phase, is
an energy quantity that can be used to more reliably predict
whether the given structure could be realized experimentally.

In this communication, we have used OQMD to filter
out the compounds by setting proper threshold for convex-
hull distance. From the large pool of sample structures, we
first make a list of promising quaternary Heusler compounds
whose convex-hull distance is less than 0.2 eV/atom. We have
chosen this value because we believe almost all (meta)stable
phases can be found within this distance from the convex-hull.
The justification to set this particular threshold for convex-hull
is described in detail in our previous work (see Ref. [36]). We
have investigated the quaternary Heusler compounds where
the elements from 4d and 5d series like Zr, Ru, Rh and Ir
combine with the elements from 3d series like Cr, Mn, Fe,
and Co, resulting in compounds with interesting electronic
and magnetic properties. Out of twenty-five compounds we

study, we find seven compounds with large half-metallic gap,
fourteen are nearly half-metals, two of the compounds show
spin gapless semiconducting behavior and two are nonmag-
netic semiconductors. To the best of our knowledge, six of
the compounds have been reported earlier [13,46–52]. Among
these six compounds, CoCrZrAl, CoRuCrSi, and RhFeTisi
are half-metals where as CoRuCrGe, FeRuCrGe, CoMnCrSi
are nearly half-metals. It is important to note that CoMnCrSi
was initially assumed to be crystallized in type-3 structure
[13,52] as it is the preferred structure in most of the quaternary
Heusler compounds but our careful calcualtion shows that
CoMnCrSi along with other four compounds crystallize in
type-1 structure. Attempts are made to understand this pecu-
liar behavior.

III. COMPUTATIONAL DETAILS AND METHODOLOGY

Ab initio calculations are carried out by exploiting
plane-wave pseudopotential method as provided by quantum
ESPRESSO package [53,54] within the framework of density
functional theory (DFT). We have used ultrasoft pseudopo-
tentials [55] for all the elements. The exchange-correlation
potential is estimated by generalized gradient approximation
of Perdew-Burke-Ernzerhof (PBE-GGA) [56], while calculat-
ing the structural, electronic, and magnetic properties of the
compounds. The cutoff energy for plane wave expansion is
set to 100 Ry. Since the values of the spin magnetic mo-
ments converge within the third decimal digit as we reach
the 8 × 8 × 8 k mesh, a Monkhorst-Pack grid of 8 × 8 × 8 is
choosen during the self-consistent field (SCF) calculation. A
denser k mesh of 16 × 16 × 16 is used to calculate the density
of states. The threshold for the convergence of force, total
energy, and scf cycle is set to 10−4 Ry/a.u, 10−5 Ry, and 10−8,
respectively. The total energy minimization method is used for
structural optimization and a linear tetrahedron scheme [57] is
implemented for Brillouin zone integration.

We start by collecting a large number of quaternary Heusler
compounds by combining different elements from the peri-
odic table. Compounds thus collected are checked in OQMD
for the minimum threshold convex-hull energy and negative
formation energy. We discard the compounds which do not
satisfy the mentioned criteria. If the compound has a convex
hull distance less than 0.2 eV/atom and negative formation
energy, we investigate the compound in different magnetic
configurations and three nonequivalent structures by using the
lattice parameter provided by the OQMD.

After careful analysis of the total density of states, if we
find the compound to be promising, we start with lattice
parameter optimization (see Fig. 2). This optimized lattice
parameter is used to determine the stable structure by con-
sidering different magnetic configurations and nonequivalent
structures in order to calculate structural, electronic, and mag-
netic properties of the compound.

At this point, it is important to note that we have not consid-
ered Hubbard U correction for our calculations. The Hubbard
model is a semiempirical model to include on-site electronic
correlation, which is important to describe the observed width
of the energy gap in semiconductors. In half-metallic com-
pounds like Heusler, the use of GGA(LDA)+U is not reliable
since (a) they are magnetic compounds and (b) there is a
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FIG. 2. The flowchart for the algorithm describing the process
for the identification and selection of the Heusler compounds studied
in this paper.

gap only in the minority spin band structure. In Ref. [58],
we studied the effect of accounting the electronic correlations
through the inclusion of the Hubbard U on Heusler com-
pounds. Our work suggests that GGA + U calculations for
the Heusler compounds with valence electrons less than 29 are
not justified as the total magnetic moment deviates from the
experimentally observed value contrary to the usual GGA cal-
culations which agree with experimental data. Kandpal et al.
studied the electronic correlation effect in two compounds
Co2MnSi (29 valence electrons) and Co2FeSi and (30 valence
electrons) and found that it is justified only for Co2FeSi [59].

IV. RESULT AND DISCUSSIONS

A. Ground state structures

The quaternary Heusler compounds, whose prototype ma-
terial is LiMgPdSb, crystallize in the so-called Y-structure
with space group F 4̄3m(216). In principle, they can crystal-
lize in three different nonequivalent superstructures [28,29]
as shown in Table I. Unlike metals, due to the possibility
of the existence of multiple local minima, the ground state
calculation of magnetic materials is more complex. Hence, we
assume the ferromagnetic as well as ferrimagnetic configura-
tions to determine the ground state of the studied compounds.
The total energies of both magnetic configurations are
compared to find out the stable structure in the given stoi-
chiometry (not shown in Table II). The comparison of total
energies, optimized lattice parameter, and total spin magnetic
moment of the compounds in three different nonequivalent
superstructures is shown in Table II. The optimized structure

TABLE I. Different possible position of X , X ′, Y , and Z atoms
in three nonequivalent configurations of quaternary Heusler com-
pounds. Here, X , X ′, and Y are transition metal atoms whereas Z
is a main-group element.

A B C D

(0,0,0) ( 1
4 , 1

4 , 1
4 ) ( 1

2 , 1
2 , 1

2 ) ( 3
4 , 3

4 , 3
4 )

Type 1 Z X X ′ Y
Type 2 Z X ′ X Y
Type 3 X Z X ′ Y

with minimum energy in a stable initial magnetic configura-
tion suggests that among 25 reported compounds, five of the
compounds crystallize in type-1 structure whereas the rest of
the compounds prefer to be stabilized in type-3 structure. The
convergence is achieved nicely for all the three superstructures
except FeRuCrGe for which we are not able to converge type-
2 structure.

B. Mechanical properties

In this section, we discuss the mechanical properties of the
compounds under study. Using ELASTIC code [60], second-
order elastic constants Ci j , and other elastic properties are
calculated. Computed values of the elastic constants, elastic
modulii, and derived quantities (discussed below) are given in
Table III. For cubic system, we have three independent elastic
constants–C11, C12, and C14. The stability of the cubic crystal
can be inferred from the Born-Huang stability criteria [61],
which is given as

C11 + 2C12 > 0, C11 > C12, and C44 > 0. (1)

Crystals satisfying the above conditions are considered
stable. All the compounds listed in Table III satisfy the
above-mentioned Born-Huang stability criteria and hence are
mechanically stable. Using the elastic constants, we can calcu-
late several elastic parameters such as elastic moduli [Young’s
(E ), shear (G), and bulk (B)], anisotropy factor(Ae). These
moduli can be used to describe the polycrystalline materials in
which crystal grains are randomly oriented. We can evaluate
these moduli by averaging over second-order elastic compli-
ance (Si j) or elastic stiffness (Ci j). The most popular averaging
method is the Voigt-Reuss-Hill [62–65] method which can
be used to calculate the elastic moduli for polycrystalline
materials. Voigt’s [62] method assumes a uniform strain and
utilize Ci j to calculate elastic moduli but Reuss’s [63] method
considers uniform stress and exploits Si j to calculate the elas-
tic moduli.

For cubic systems, the bulk modulus is computed using
Voigt and Reuss approaches, BV and BR respectively, are
basically equal and given as

B = BV = BR = C11 + 2C12

3
= 1

3(S11 + 2S12)
. (2)
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TABLE III. Calculated values of elastic constants (Ci j in GPa), bulk modulus (B in GPa), shear modulus (G in GPa), Young’s modulus (E
in GPa), Pugh’s ratio (k = B/G), Poisson’s ration (ν), Cauchy pressure (Cp), and anisotropic factor (Ae) for the lowest energy structure.

Compounds C11 C12 C44 B G E k ν Cp Ae

CoCrZrAl 158.6 128.7 71.6 138.66 38.70 106.21 3.58 0.37 57.09 4.78
CoIrMnSb 195.2 150.4 73.9 165.33 45.89 126.03 3.60 0.37 76.50 3.29
CoIrMnSn 221.4 159.4 99.7 180.06 62.53 168.14 2.87 0.34 59.70 3.21
CoRuCrGa 259.3 185.9 123.6 210.36 76.15 203.87 2.76 0.33 62.30 3.36
CoRuCrGe 230.7 210.4 111.1 217.16 46.51 130.25 4.66 0.40 99.30 10.94
CoRuCrSi 250.4 229.2 119.6 236.26 49.69 139.31 4.75 0.40 109.60 11.28
CoRuZrSi 242.4 175.1 56.1 197.53 45.70 127.28 4.32 0.39 119.00 1.66
FeRuCrGe 321.4 167.3 127.1 218.66 103.98 269.26 2.10 0.29 40.20 1.64
IrCoTiAl 384.8 27.6 141.6 146.66 155.39 344.51 0.94 0.10 −114.00 0.79
IrFeZrAl 327.2 125.9 101.3 193.00 101.03 258.08 1.91 0.27 24.60 1.00
IrMnCrGe 256.4 145.8 103.3 182.66 80.38 210.31 2.27 0.30 42.50 1.86
IrMnCrSi 291.5 167.0 116.5 208.50 90.59 237.39 2.30 0.31 50.50 1.87
IrRuTiAl 410.5 135.2 130.4 226.96 133.25 334.33 1.70 0.25 4.79 0.94
NiFeVAl 214.2 196.3 114.3 202.26 46.09 128.51 4.38 0.39 82.00 12.77
NiMnCrAl 212.6 106.9 125.9 142.13 88.87 220.64 1.59 0.24 −19.00 2.38
RhCoZrAl 258.3 120.3 76.9 166.30 73.63 192.49 2.25 0.30 43.39 1.11
RhCrTiAl 209.0 143.1 105.2 165.06 66.17 175.11 2.49 0.32 37.89 3.19
RhFeMnGe 248.6 189.4 106.8 209.13 64.09 174.46 3.26 0.36 82.60 3.60
RhFeMnSi 317.6 174.4 115.8 222.13 95.49 250.57 2.32 0.31 58.60 1.61
RhFeTiGe 216.4 181.4 81.5 193.06 44.49 123.96 4.33 0.39 99.90 4.65
RhFeTiSi 251.5 187.4 83.3 208.76 56.80 156.23 3.67 0.37 104.10 2.59
RuCrTiSi 249.5 181.8 112.0 204.36 69.48 187.23 2.94 0.34 69.80 3.30
RuCrZrGa 231.8 118.1 97.0 156.00 78.28 201.20 1.99 0.28 21.09 1.70
RuMnCrSi 249.7 151.1 107.7 183.96 78.70 206.65 2.33 0.31 43.39 2.18
CoMnCrSi 256.0 148.7 130.0 184.46 91.15 234.78 2.02 0.28 18.69 2.42

The shear and bulk modulus by Voigt and Reuss, GV and GR,
are given as

GV = C11 − C12 + 3C44

5
(3)

and

GR = 5(C11 − C12)C44

3(C11 − C12) + 4C44
= 5

4(S11 − S12) + 3S44
. (4)

There is also another approach to the averaging method
known as Hill’s [64,65] method. In Hill’s approach, Voigt and
Reuss’s elastic moduli are taken as the upper and lower bound.
The bulk and shear moduli are given as

BH = B = BV + BR

2
(5)

and

GH = G = GV + GR

2
. (6)

Using this Hill’s bulk (B) and shear (G) modulus, the quan-
tities such as Pugh ratio (k), Poisson’s ratio (ν), and Young’s
modulus (E ) are evaluated using expressions given as

k = B

G
, (7)

ν = 3B − 2G

2(3B + G)
= 3k − 2

6k + 2
, (8)

and

E = 2G(1 + ν). (9)

The characteristic properties of compounds such as mal-
leability, ductility, and brittleness can be studied using the
Pugh ratio (k) and Poison’s ratio (ν), whose values are given
in Table III for the compounds under study. Pugh’s criterion
suggests a critical value of Pugh’s ratio, kc = 1.75 [45,66–
68], which can be used to infer the ductility and brittleness of
materials. A material is characterized as brittle if k < kc and
ductile if k > kc. The value of k for all the materials is greater
than 1.75 except for IrCoTiAl, IrRuTiAl, and NiMnCrAl,
suggesting all the materials are ductile except these three
compounds. This can be substantiated by evaluating Cauchy’s
Pressure (Cp = C12 − C44). A material being ductile suggests
the presence of metallic bonds while brittleness of material
suggests the presence of ionic or covalent bonds. The Pet-
tifor’s criterion [69] dictates that a positive Cauchy pressure
indicates metallic bonding in material while a negative value
indicates covalent or ionic bonding. Hence, the material with
negative Cp can be considered brittle and that with positive Cp

be considered ductile. In Table III, we can see all the materials
except for IrCoTiAl and NiMnCrAl have positive Cp, suggest-
ing that all the materials except these two are ductile. This
observation complies with our previous prediction of ductility
and brittleness based on the value of Pugh’s ratio (k). From
Fig. 3 and Table III, one can notice that compounds IrCoTiAl
and NiMnCrAl, both lie below Pettifor’s criterion and to the
left of Pugh’s criterion. Hence, we can say that IrCoTiAl and
NiMnCrAl both are likely to be brittle but the behavior of
IrRuTiAl lies on the borderline of brittleness and ductility,
when one compares with the data of diamond, iridium (which
are brittle) and gold, silver, and platinum (which are ductile).
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FIG. 3. Plot of Cauchy pressure (Cp) along the y axis and Pugh’s
ratio (k = B

G ) along the x axis. Vertical and horizontal dashed lines
corresponds to the Pettifor’s and Pugh’s criterion. Data of diamond
(which is known to be the brittle) and gold (which is known to be
most malleable) along with iridium, silver, and platinum is presented
here for better comparison. IrCoTiAl is not shown in the figure.

The anisotropy factor (Ae) is another parameter for de-
scribing mechanical stability. For the cubic system, anisotropy
factor is given as

Ae = 2C44

C11 − C12
. (10)

It is a known fact that for isotropic materials, Ae is equal
to 1, and materials that possess very high anisotropy have
the tendency to deviate from the cubic structure occasion-
ally. The materials that have Ae < 0 violate at least one
of the Born-Huang stability criteria and hence are expected
to be mechanically unstable. Many of the compounds un-
der study, as can be seen in Table III, have Ae > 1 and
therefore suggest some anisotropy. The compound IrFeZrAl
has anisotropy factor equal to unity implying that it is an
isotropic material. Recently Felser and her team studied dif-
ferent elastic properties of many Heusler compounds [68].
Among them is Co2CrAl, an experimentally synthesized full
Heusler compound that is known to crystallize in stable cubic
structure [18,70]. The Ae value for this compound is 3.28.
From Felser’s results one can safely conclude that values close
to or below 3.28 means that cubic structure is stable. Even
larger values mean that the deviation from cubic structure is
very small, the c/a ratio is close to 1, and the electronic and
magnetic properties are almost identical to the cubic phase.
We note that only three compounds, CoRuCrGe, CoRuCrSi,
and NiFeVAl have large value of Ae and one can expect some
deformation from a cubic lattice structure in these compounds.

C. Slater-Pauling behavior and hybridization
in quaternary Heusler alloys

One of the most interesting properties of Heusler com-
pounds is probably the Slater-Pauling rule which allows
one to predict the total spin magnetic moment, Mt , of the
compound by knowing the total number of valence elec-

FIG. 4. Calculated total spin moments (in μB) for all the studied
Heusler compounds as a function of the total number of valence
electrons. The solid and dashed lines represent different forms of the
Slater-Pauling rule; Mt = Nv − 18 and Mt = Nv − 24, respectively.

trons, Nv (see Fig. 4). The perfect half-metallic ferromagnets
and spin gapless semiconductors follow this rule strictly in
Heusler compounds due to their integer value of the total
spin magnetic moment. The valence electrons in any Heusler
compounds can be either in spin-up or spin-down states due to
which the difference in their number gives the observed value
of the total spin magnetic moment. In quaternary Heusler
compounds, the relative position of d states of Y atoms with
respect to X and X ′ can often lead to a complex Slater-Pauling
rule. Among 25 Heusler compounds under study, all of the
compounds obey Mt = Nv − 24 rule except two, CoCrZrAl
and RuCrZrGa. In these compounds, t1u states are relatively
higher in energy and hence are not occupied, leading to mod-
ified Mt = Nv − 18 relations.

The hybridization schemes for different types of Heusler
alloys are well known [11–13] and has been used extensively
to explain the observed electronic and magnetic properties of a
large number of compounds [36,58,71]. In quaternary Heusler
compounds, which follow the Mt = Nv − 24 rule, due to the
equivalent nature of A and C coordinates, X and X ′ elements
hybridize first to form double eg and triple t2g hybrids. The Y
transition metal at D coordinates in turn hybridizes with these
hybrid states to form five bonding, five antibonding, and five
nonbonding d states (see Fig. 5). The main group element(Z)
contributes one s, and triple degenerated p bands, which are
relatively lower in energy compared to d bands and contribute
to the stability of the structure by decreasing the effective
d-charge concentration. The relative position of nonbonding
d hybrids, which consist of three occupied t1u and two unoc-
cupied eu states, is of our interest as it determines the energy
gap of the spin-down band in Quaternary Heusler alloys. The
same scheme is true for Quaternary Heusler compounds that
follow Mt = Nv − 18 rule, except that in these compounds t1u

states are unoccupied. For the compounds which crystallize in
type-1 structure, X at B and Y at D site follow the octahedral
symmetry and hence hybridize first to form different states
which in turn hybridize with X ′ at C site to form hybridized
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(a)

(b)

(c)

FIG. 5. Possible hybridization schemes for spin-down bands in
type-3 structures. (a) represents the hybridization between X and X ′

atoms in A and C coordinates. (b) and (c) represent the hybridization
for compounds that follow Mt = Nv − 24 and Mt = Nv − 18, respec-
tively. For detailed discussion see reference [13].

states as explained above. Of course in the case of the type-1
and type-3 structures, since the hybridization scheme arises
from different atoms, the position of the resulting bands would
be different. It is also important to note that because of the
symmetry of the 216 space group one can exchange the po-
sition of X and X ′, and Y and Z atoms without altering the
structure of the crystal.

D. Electronic and magnetic properties

In Table II, we gather calculated spin magnetic moments
of the compounds along with optimized lattice parameters.
Almost all compounds show an integer value for the total
magnetic moment in the stable structure, a prerequisite for
compounds to be half-metallic. In our convention, the gap
remains in the spin-down band which occupies twelve elec-
trons in all the cases so that if the compounds have less than
24 valence electrons and follow Mt = Nv − 24 rule, the total

FIG. 6. Calculated spin-resolved band structure of CoRuZrSi us-
ing optimized lattice parameter of 6.1191 Å. The red and blue colors
represent the spin-up and spin-down band structures, respectively.

magnetic moment would be negative. In this section, we dis-
cuss the electronic and magnetic properties of the compounds
by dividing them into three categories: (i) compounds that
follow Mt = Nv − 24 rule, (ii) compounds that obey Mt =
Nv − 18 relation, and (iii) compounds that crystallize in a
type-1 structure.

In Fig. 6, we present spin resolved bandstructure of
CoRuZrSi as a representative of the compounds that follow
the Mt = Nv − 24 rule. One can observe the usual metallic
behavior on the spin-up channel whereas the Fermi level lies
in the gap for the spin-down channel resulting in a desired
half-metallic gap. The lower lying s and p bands, which are
similar in both spin channels, do not have a significant con-
tribution on the half-metallic gap. The gap arises from the
nonoverlapping nature of t1u and eu states which are local-
ized around Co and Ru. These states can not couple with Zr
since there are no d states on Zr that transform through u
representation. As Co and Ru are the next neighboring atoms
the energy distance between t1u and eu is small resulting in a
smaller gap, a typical property that is observed in quaternary
Heulser alloys. The band structures for all of the compounds
is studied and can be found in the Supplemental section [72].
In Fig. 7, we gather the total Density of States (DOS) of the
selected compounds under this category. Let us first compare
CoRuCrSi and CoRuCrGe [Figs. 7(b) and 7(d)]. The former
has a larger half-metallic gap while the latter compound is
nearly half-metallic since one can observe very small spin-
down DOS at the Fermi level. This is expected since Si has
its p-states higher in energy than Ge and thus closer to the
gap. This is even more intense when we compare Al with Ga.
The small admixture of the p states in the bands just below
the Fermi level leads to an opening of the gap since the p−d
hybridization becomes more important. The same occurs also
in the usual semiconductors. When we compare CoRuCrSi
with CoRuZrSi [Figs. 7(b) and 7(f)] one can observe a large
half-metallic gap on both compounds but the bandwidth of the
spin-up band structure in CoRuZrSi is larger than CoRuCrSi.
This is because of the fact that Zr has two valence electrons
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FIG. 7. Spin-polarized total density of states of the selected com-
pounds. The red and blue colors represent spin up and spin-down
states, respectively. The Fermi level is at the zero of the energy axis.

less than Cr, and also Zr is a 4d metal. This is also the reason
why there is an important part of it unoccupied in CoRuZrSi.
Among the other three compounds, RhFeTiSi and IrCoTiAl
[Figs. 7(a) and 7(c)] are half-metallic in nature with a large
gap while IrFeZrAl [Fig. 7(e)] is a special case. The gap is
in both spin directions, and the gap lies in the same energy
region. Also, there is a striking similarity in DOS in both
spin directions. Thus it can be categorized as nonmagnetic
semiconductor which can be confirmed from the observed
total magnetic moment of the compound in Table V.

We have two compounds, CoCrZrAl and RuCrZrGa, which
obey Mt = Nv − 18 rule. We present the spin-resolved band
structure of RuCrZrGa in Fig. 8. The hybridization scheme
and the band structure are similar as discussed above except
that now the triple degenerated t1u states are above the Fermi

FIG. 8. Calculated spin-resolved band structure of RuCrZrGa us-
ing optimized lattice parameter of 6.3195 Å. The red and blue colors
represent the spin-up and spin-down band structures, respectively.

FIG. 9. Spin-polarized total density of states of the selected com-
pounds. The red and blue colors represent spin up and spin-down
states, respectively. The Fermi level is at the zero of the energy axis.

level so that the gap lies in between t1u and t2g states. The
state counting suggests that there are nine minority states in
the spin-down channel and 12 majority states in the spin-
up channel with a difference of 3, which appears as the
total magnetic moment (3μB) of RuCrZrGa. In Figs. 9(a)
and 9(c), we present the DOS of CoCrZrAl and RuCrZrGa.
The DOS of CoCrZrAl confirms the half-metallic nature of
the compound while the valley approaching peak can be ob-
served on the spin-up states of RuCrZrGa. There is a usual
gap on the spin-down state. We categorize this compound
as a nearly spin-gapless semiconductor (SGS) since from
spin-resolved band structure we observe a small crossing
of bands at � point preventing it from being perfect SGS
compound.

We have five compounds XMnCrZ (X = Ir, Ni, Ru, Co
and Z = Ge, Si, Al) that prefer to crystallize in a type-1
structure. All of these compounds follow the Mt = Nv − 24
rule for the observed total spin magnetic moment. To find out
the cause of the observed anomaly, we analyze the projected
density of states (PDOS) of both type-1 and type-3 structures
(not presented here) and the spin-resolved individual mag-
netic moment of the constituent elements (see Table IV). The
total magnetic moment is identical in both cases except in
NiMnCrAl where there is a small difference of 0.12μB. In
both cases, the individual spin magnetic moment of X and Z
atoms carry small values of spin magnetic moments. In both
type-1 and type-3 compounds, the Mn and Cr are the nearest
neighbors and thus have antiparallel spin magnetic moments
as expected by the semiempirical Bethe-Slater curve. The
compounds are half-metal in both structures. This is expected
since half-metallicity when feasible lower the total energy,
and Cr and Mn atoms have just one valence electron differ-
ence. Thus their exchange of sites along the diagonal does not
alter the electronic band picture significantly.

In the case of the XMnCrZ compounds, an anomaly oc-
curs. The so-called empirical “lighter-atom rule”, usually
assumed to determine the sequence of those atoms in Heusler
compounds demands that the sequence of the atoms along
the diagonal is X -Cr-Mn-Z corresponding to the type-3
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TABLE IV. Comparison of spin mangetic moments of type-1 and
type-3 structures of the compounds whose stable structure is type-1.

Magnetic moments (μB)

Compounds NV aopt (Å) mtot mX mX ′ mY mZ

Type 1 (stable)

IrMnCrGe 26 6.0098 2.00 0.24 3.22 −1.54 0.04
IrMnCrSi 26 5.8909 2.00 0.20 3.00 −1.26 0.03
NiMnCrAl 26 5.8250 2.00 0.64 2.90 −1.49 −0.02
RuMnCrSi 25 5.8742 1.01 −0.03 2.88 −1.80 0.03
CoMnCrSi 26 5.6796 2.01 0.91 2.57 −1.35 −0.02

Type 3 (unstable)

IrMnCrGe 26 5.9509 2.01 0.09 −0.65 2.35 0.03
IrMnCrSi 26 5.8485 2.00 0.08 −0.46 2.19 0.02
NiMnCrAl 26 5.7750 1.88 0.67 −1.10 2.17 −0.01
RuMnCrSi 25 5.7837 1.01 −0.03 −0.53 1.46 0.02
CoMnCrSi 26 5.6263 2.00 1.05 −0.72 1.66 −0.03

structure. However, Mn atom is an anomaly in the periodic
table. As we move from Sc to Ni along the 3d transition metal
atoms, the electronegativity increases, and thus the “lighter-
atom rule” reflects the electronegativity argument, mentioned
above, which demands that the less electronegative transition
metal atom in the sequence of the atoms is found in between
the two other transition-metal atoms. However, Mn atom has
electronegativity close to Ti and is much smaller than its
neighboring Cr. Thus electronegativity arguments request that
the sequence of atoms is X -Mn-Cr-Z corresponding to the
type-I structure. As mentioned in the paragraph above, all
five compounds containing both Cr and Mn atoms prefer to
crystallize in the type-I lattice structure as expected from
the electronegativity argument and the empirical “lighter-
atom rule” breaks down. This choice of the MnCr-based
compounds can be easily understood in terms of their spin
magnetic moments in the two different lattice types.

In the type-1 structure, the Mn atoms carry the usual mag-
netic moment ranging nearly from 2.6 to 3.2μB while Cr
atoms have magnetic moments in the range −1.3 to −1.7μB

resulting in the integer value of the total magnetic moment.
When we move to the type-3 structure, the total magnetic mo-
ment is again the integer value and half-metallicity is present.
The problem is with the atomic spin magnetic moments.
Again the X and Z atoms carry small magnetic moments but
Cr carries magnetic moments in the range of 1.5 to 2.4μB

and Mn atoms have very small magnetic moments in all cases
except NiMnCrAl where its value is −1.10μB, which is still
a small value for Mn atoms. The atomic DOS of Mn in
most magnetic compounds is characterized by a large splitting
between the majority-occupied and the minority-unoccupied
bands leading to large values of its spin magnetic moment.
Thus this situation is unphysical and this is why it is less favor-
able than the type-1 structure. Also, let us take an example of
IrMnCrSi and compare the values of spin moments of Mn and
Cr atoms. If the Manganese atom is to have the spin moment
of −3μB in type-3 structure, (which absolute value is equal
to the spin moment in type-1 structure) the Cr atoms should

TABLE V. Calculated spin magnetic moments for stable
structure (type 3).

Magnetic moments (μB)

Compounds NV aopt (Å) mtot mX mX ′ mY mZ

CoCrZrAl 22 6.2422 4.00 1.04 2.97 −0.10 −0.04
CoIrMnSb 30 6.2390 6.00 1.64 0.52 3.68 0.04
CoIrMnSn 29 6.1999 5.01 1.38 0.27 3.44 −0.03
CoRuCrGa 26 5.8747 2.05 0.79 −0.31 1.63 −0.04
CoRuCrGe 27 5.8992 3.01 1.15 −0.08 1.94 −0.03
CoRuCrSi 27 5.7930 3.00 1.17 −0.02 1.85 −0.04
CoRuZrSi 25 6.1191 1.00 0.93 0.20 −0.05 0.00
FeRuCrGe 26 5.8872 2.01 −0.07 −0.13 2.07 0.00
IrCoTiAl 25 6.0212 1.00 0.12 1.07 −0.07 −0.02
IrFeZrAl 24 6.2182 0.00 −0.00 0.00 0.00 0.00
IrRuTiAl 24 6.1029 0.00 0.00 0.00 0.00 0.00
NiFeVAl 26 5.7846 1.99 0.68 0.93 0.38 −0.01
RhCoZrAl 25 6.2225 0.91 0.20 0.87 −0.06 −0.01
RhCrTiAl 22 6.0996 −2.00 −0.08 −2.04 0.25 0.02
RhFeMnGe 28 5.9089 4.07 0.26 0.80 3.05 −0.04
RhFeMnSi 28 5.8021 4.01 0.29 0.81 2.95 −0.05
RhFeTiGe 25 6.0132 1.01 0.19 1.16 −0.21 −0.01
RhFeTiSi 25 5.9147 1.00 0.20 1.06 −0.16 −0.02
RuCrTiSi 22 5.9792 −1.99 −0.18 −1.84 0.18 0.03
RuCrZrGa 21 6.3195 3.00 0.08 2.88 −0.09 −0.04

have the magnitude of 5μB to keep the half-metallicity intact,
which is also unphysical.

In Figs. 9(b) and 9(d), we present two compounds that
prefer to crystallize in a type-1 structure. One can see large
half-metallic gap on both compounds in the spin-down states
making them a strong candidate of half-metal. When we go
from IrMnCrGe to IrMnCrSi, one can notice a large exchange
splitting in the latter case. It is because in compounds usually
the 3s and 3p states of Si are closer to the Fermi level than
the 4s and 4p states of Ge and hence p−d hybridization is
significant though Ge and Si have the same number of va-
lence electrons. The spin resolved DOS and bandstructure of
NiMnCrAl (not presented here) suggests that the compound is
nearly SGS since the valence band and conduction band touch
the � and X points at the Fermi level in the spin-up channel
whereas there is a gap in the spin-down channel. However, the
eu states on the conduction band slightly touch the Fermi level
at � point preventing it from being the ideal candidate of SGS.

The individual and total spin magnetic moments of the
compounds which prefer to crystallize in a type-3 struc-
ture can be seen in Table V. The absolute value of spin
moments ranges from 0 to 6μB. Here, Mn whenever present
have an absolute spin magnetic moment of 3 − 3.5μB, which
also supports our argument for the stability of the type-1
structure for the five compounds discussed above. Other than
manganese, chromium, and cobalt atoms have considerable
individual magnetic moments in the compounds while the
main-group elements barely contribute to the observed total
magnetic moments. The total magnetic moments of all of the
compounds is integer (or nearly integer) value as predicted by
the Slater-Pauling rule; the exception is RhCoZrAl where the
total spin magnetic moment has significantly deviated from
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TABLE VI. Classification of compounds under study into
different categories.

Compounds

CoCrZrAl CoRuCrSi CoRuZrSi
Perfect half-metallic IrCoTiAl RhFeTiSi IrMnCrGe

IrMnCrSi

CoIrMnSb CoIrMnSn CoRuCrGa
CoRuCrGe NiFeVAl FeRuCrGe

Nearly half-metallic RhCoZrAl RhCrTiAl RhFeMnGe
RhFeMnSi RhFeTiGe RuMnCrSi
CoMnCrSi RuCrTiSi

Nearly SGS RuCrZrGa NiMnCrAl

Nonmagnetic
semiconductor IrFeZrAl IrRuTiAl

the integer value. The lattice variation in the same family of
compounds can be associated with the size of atomic radii.
For example, if we compare RhFeTiSi and RhFeTiGe, Ge has
a larger atomic radius than Si and thus the lattice constant of
RhMnTiGe is larger. For the same reason the lattice constant
of RhFeTiSi is larger than the lattice constant of RhFeMnSi
since Ti has a larger atomic radius than Mn.

Among twenty compounds that crystallize in the type-3
structure, two of the compounds, IrFeZrAl and IrRuTiAl,
can be categorized as nonmagnetic semiconductors as the
total value of the spin magnetic moment is zero and the gap
is present on both spin channels. For these compounds, we
make several tests to be sure that it is not converged to a
local minimum state. The test is performed starting from a
ferrimagnetic initial distribution of the atomic spin magnetic
moments but we again converged to the same nonmagnetic
ground state. Since both have 24 valence electrons, in order
to be a half-metallic magnet Fe or Ru should have antiparallel
spin magnetic moments with Zr or Ti in order to cancel out
or they both must have zero magnetic moments. Since, Zr and

Ti are harder to magnetize, these compounds prefer to be a
semiconductor.

V. CONCLUSION

In conclusion, we have presented a detailed investigation
of 25 quaternary Heusler compounds containing 3d , 4d and
5d elements using the quantum ESPRESSO package. We start
by screening a large number of potential compounds using
the Open Quantum Materials Database and extend our study
to calculate electronic, magnetic, and mechanical properties
of those compounds that are feasible to synthesize in the
laboratory. The thermodynamic and mechanical stability is
ensured through convex-hull distance and elastic constants
calculation. In Table VI, we have presented all the studied
compounds summarizing the main results of the materials.
Among 25 studied compounds, we have identified 21 half-
metals (or nearly half-metals), 2 spin-gapless semiconductor,
and 2 nonmagnetic semiconductor. The Slater-Pauling rule
is followed by all of the compounds. The meticulous cal-
culation is performed to find out the possible crystallized
structure of the compounds among three nonequivalent su-
perstructure. Our finding suggests that 5 of the compounds
among 25 prefer to crystallize in a type-1 structure, while the
rest of the compounds crystallize in a type-3 structure. We
believe that our study will augment the interest in quaternary
Heusler compounds for spintronics applications, providing
experimentalists a new avenue for the design and synthesis
of novel half-metallic compounds.
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Rev. B 87, 024420 (2013).
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