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Abstract. In this study, by using full-potential linearised augmented plane wave (FP-LAPW) method with the
generalised gradient approximation (GGA) based on density functional theory (DFT), the structural, electronic,
elastic and magnetic properties of the Heusler alloys Cr2 NbSi1−x Gex have been evaluated. The AlCu2 Mnl-type
structure is more stable than the CuHg2 Ti-type structure at equilibrium volume for the compounds. The ground-state
properties of our alloys including the lattice parameter and bulk modulus were calculated. In view of Poisson’s
and Pugh’s ratio, the ductility and brittleness of Cr2 NbSi1−x Gex has been analysed. The mechanical stability is
maintained throughout the pressure range with high value of Debye temperature. The electronic band structures
and density of states of our compounds show a half metallic character with total magnetic moments, −3.00 μB
per formula unit with indirect band gap, E g = 0.152 eV and 0.262 eV for Cr2 NbSi and Cr2 NbGe respectively.
Furthermore, we have analysed the thermal properties by the quasi-harmonic Debye model. Through the obtained
results, we can say that these compounds can be strong candidates for future spintronic applications.
Keywords. Density functional theory investigations; quaternary Heusler alloys; electronic structure; gap;
magnetic properties.
Pacs Nos 60; 70

1. Introduction
In solid-state physics, Heusler compounds have the
largest variety of physical properties. Much research
has been done by the electronic structure calculations
of Groot, who predicted half-metallicity with ferromagnetic nature (HMF) for the first time in NiMnSb Heusler
compound. Due to its potential application in spintronics devices, extensive research has been conducted on
HMFs over the past decade [1]. Half-metallic ferromagnetism is one of the most important properties exhibited
by this family, which is being exploited for various
spintronics-related applications. This is mainly because
of their large spin polarisation owing to their peculiar
band structure and high magnetic ordering temperatures,
compared to other known half-metallic ferromagnetic
materials. This motivated many researchers to study
these materials [2]. The Heusler alloys exhibit met-
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alic behaviour for a spin band and a semiconductor
behaviour for the other. They are either ferromagnetic
or ferrimagnetic and at Fermi level spin polarisation
is 100% [3–10]. The Heusler alloys made of transition metals and sp elements are promising candidates
for potential spin injection applications because they
have very high Curie temperatures and strong Fermi spin
polarisations [11]. Majority of Heusler alloys are classified as ferromagnetic compounds and are mainly used
in magneto-electronic [12], thermoelectric [13–17] and
superconductive [18] applications. The Heusler alloy
system was discovered more than 100 years ago and
has continuously attracted the attention of researchers
with stoichiometric compositions of X2 YZ, XYZ, and
XXYZ. The study reported by Felser’s research group
[16–19] found HM ferromagnetism in many quaternary
Heusler alloys and they also observed high Curie temperatures (326–711 K).
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The Heusler alloys are determined by the generic
formulas X2 YZ or XYZ, where alloys with the formula X2 YZ are called the full-Heusler alloys and alloys
with the formula XYZ are called the half-Heusler alloys
[20,21]. X and Y are the transition metals, and Z is an element of group III, IV or V. In some cases, Y is replaced
by a rare-earth element. The full-Heusler compounds
(X2 YZ) crystallise in the cubic L21 (AlCu2 Mn-type)
structure with the space group Fm-3m. In this structure,
X, Y and Z atoms are placed on the Wyckoff positions
8c (1/4, 1/4, 1/4), 4a (0, 0, 0) and 4b (1/2, 1/2, 1/2),
respectively. These X2 YZ compounds can also be found
in the CuHg2 Ti-type structure (X-type) with the space
group F-43m. In that structure the two X atoms occupy
non-equivalent positions in contrast to the L21 structure the two X atoms occupy non-equivalent positions
for this structure. This structure is frequently observed
when the nuclear charge of the Y element is larger than
one of the X element from the same period, that is
Z(Y) > Z(X) for two 3d transition metals. In this structure, X atoms occupy the non-equivalent 4a (0, 0, 0) and
4c (1/4, 1/4, 1/4) positions, while Y and Z atoms are
located in 4b (1/2, 1/2, 1/2) and 4d (3/4, 3/4, 3/4)
Wyckoff positions, respectively [16].
Studies have shown that quaternary Heusler compounds have great potential for exploring the halfmetallic ferromagnetism for the practical application of
spintronic devices [22–24]. There is great possibility
to achieve half-metallic ferromagnets (HMF) in these
alloys, which is supposed to maximise the efficiency of
magneto-electronic devices.
Our calculation was performed using the full-potential
linearised augmented plane wave (FP- LAPW) method
as implemented in the Wien2k code, in the framework of
the density functional theory (DFT). Density functional
theory (DFT) is a computational method that derives
properties of the molecule based on the determination
of the electron density of the molecule. Unlike the wave
function, which is not a physical reality but a mathematical construct, electron density is a physical characteristic
of all molecules. A functional is defined as a function of
a function, and the energy of the molecule is a functional
of the electron density. The electron density is a function
with three variables x-, y- and z-positions of the electrons. Unlike the determination of wave function, which
becomes significantly more complicated as the number
of electrons increases, the determination of electron density is independent of the number of electrons. DFT is
a general-purpose computational method, and can be
applied to most of the systems. Like all computational
methods, DFT methods are more useful for some types
of calculations than for others. DFT methods, unlike abinitio methods, can be used for calculations involving
metals.
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2. Calculation methodology
The physical properties in this work are calculated by the
ab-initio method based on the electronic DFT [25] using
FP-LAPW. Applicable in the WIEN2K package [26,27],
to treat the exchange correlation potential we used GGA
[28]. The values of muffin-tin sphere radii RMT are 2.0,
2.3, 1.9 and 2.2 Bohr for Cr, Nb, Si and Ge atoms respectively. RMT *K max = 9, the Brillouin zone sampling was
performed according to the Monkhorst–Pack scheme
and for k-space integration, a (14 * 14 * 14) mesh was
used resulting in 104 k points of the irreducible part
in the Brillouin zone [26]. The thermodynamic analysis of Cr2 NbSi1−x Gex quaternary Heusler alloys can
be estimated by the quasiharmonic Debye model [27],
where we can get many thermodynamic quantities. In
refs [27–31] we find some detailed descriptions of this
procedure.

Figure 1. Calculated total energy vs. volume curves for non–
magnetic (NM) and magnetic (M) states for AlCu2 Mn-type
and CuHg2 Ti-type phases of Cr2 NbSi and Cr2 NbGe.
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Table 1. Calculated lattice constant (a), bulk modulus (B), pressure derivative of the bulk modulus
(B  ), elastic constants (Ci j ), shear modulus (G), B/G ratio, Young’s modulus (E), Poisson’s ratio (ν),
Zener anisotropy factor (A), density (ρ), longitudinal elastic wave velocities (Vl ), transverse elastic wave
velocities (Vt ), average acoustic velocity (Vm ) and Debye temperature (θD ) of Cr2 NbSi1−x Gex for various
compositions.

a (Å)
B (GPa)
B
C11 (GPa)
C12 (GPa)
C44 (GPa)
G (GPa)
B/G
E (GPa)
ν
A
ρ (g/cm3 )
Vl (m/s)
Vt (m/s)
Vm (m/s)
θD (K)

Cr2 NbSi

Cr2 NbSi0.75 Ge0.25

Cr2 NbSi0.50 Ge0.50

Cr2 NbSi0.25 Ge0.75

Cr2 NbGe

6.0045
194.8304
3.5151
264.4536
160.0187
55.4928
54.1827
3.5958
148.7581
0.3727
1.0627
4.1570
8015.3996
3610.2705
3959.5095
375.5389

6.0227
192.5831
4.7592
260.8327
158.4582
54.4054
53.1827
3.6211
145.9369
0.3737
1.0629
4.3233
7805.5203
3505.1723
3845.6341
363.6362

6.0420
190.6102
4.7919
257.3094
157.2605
53.2322
51.9491
3.6752
142.8682
0.3750
1.0641
4.4199
7667.8490
3428.3080
3763.2622
352.5116

6.0615
188.8865
4.8754
254.4432
156.1081
51.7311
50.7057
3.7251
139.6234
0.3768
1.0521
4.6410
7434.1677
3305.3857
3630.7000
341.1150

6.0816
187.6002
4.5277
252.1598
155.3203
50.1845
49.4786
3.7915
136.4407
0.3787
1.0364
4.7932
7273.3874
3212.8853
3531.7537
330.7219

3. Results and discussion
3.1 Structural properties
The physical properties are related to the total energy.
For instance, the equilibrium lattice constant of a crystal is the lattice constant that minimises the total energy.
If the total energy is calculated, any physical property
related to the total energy can be determined. In this
section, we present the results for the geometrical structure of the quaternary Heusler alloys Cr2 NbSi1−x Gex
as well as the lattice parameter and bulk modulus. To
obtain the equilibrium lattice constant and to determine
the stable structure of these alloys, we perform structural optimisations of Cr2 NbSi and Cr2 NbGe alloys for
non-magnetic (NM) and ferromagnetic (FM) configurations in their two possible structures L21 and X-type.
It is clearly seen that these structures are more stable
in the L21 than in the X-type (see figure 1). The calculated total energies vs. volume are fitted to the empirical
Murnaghan’s equation of state [32] to determine the
ground-state properties. For Cr2 NbSi in the L21 structure, our work yields a lattice constant of 6.0045 Å. For
Cr2 NbGe, the computed lattice parameter is found to be
6.0816 Å. We note that no result regarding the lattice
constant is so far available in the literature. Therefore,
our results are considered purely predictive.
To treat the quaternary system for the compositions
x = 0.25, 0.5 and 0.75, we have used the supercell
model. The lattice parameters and bulk modulus as a

function of composition x are listed in table 1. The lattice parameters vary almost linearly following Vegard’s
law [33] with marginal downward bowing parameters
equal to 0.0045 Å. The bulk modulus decreases by
going from Cr2 NbSi to Cr2 NbGe, then increases slightly
showing a nonlinear behaviour. Figure 2 shows the
variation of the calculated lattice parameters and bulk
modulus as a function of Ge concentration for the quaternary alloy. A slight deviation from the Vegard’s law
is clearly visible for the alloy with bowing upwardly
parameter equal to 0.0457 Å, which was obtained by
adjusting the calculated values of the polynomial function. A significant deviation of the bulk modulus is
observed with a disorder parameter equal to 7.933 GPa
for Cr2 NbSi1−x Gex alloys, which shows that the bulk
modulus (incompressibility modulus) decreases with
increasing concentration of germanium. The equations
that represent the variation of the lattice parameters and
bulk modulus as a function of the Ge concentration are
A0 = 6.0044 + 0.0072x − 0.0045x 2
B0 = 194.8436 − 9.7441x + 2.4813x 2 .
3.2 Mechanical properties
The elastic constants are also important parameters for
describing the mechanical properties of materials that
undergo stress, and give important information concerning the binding characteristic between adjacent atomic
planes, anisotropic character of binding and structural
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Figure 2. Variation of lattice parameter and bulk modulus of
Cr2 NbSi1−x Gex Heusler alloys with Ge concentration.

stability. There are independent elastic constants, Ci j ,
but the symmetry of the cubic crystal reduces this number to only three independent elastic constants C11 , C12
and C44 . Further details of the calculation can be found
in [22].
The elastic behaviour of solids is related to the rigidity
of the atomic bond. Cubic materials have three independent elastic constants, namely C11 , C12 and C44 . The
constants are evaluated by calculating the total energy
for a disturbed system, using the Mehl model [34]. The
determination of elastic constants allows us to approach
the mechanical properties of our materials such as the
shear modulus, the Young’s modulus and the Poisson’s
ratio. We find more details about the elastic calculation
in ref. [35].
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The calculated elastic constants Ci j , shear modulus G, B/G ratio, Young’s modulus E, Poisson’s ratio
(ν), Zener anisotropy factor (A), density (ρ), longitudinal elastic wave velocities Vl , transverse elastic wave
velocities Vt , average acoustic velocity Vm and Debye
temperature (θD ) of Cr2 NbSi1−x Gex for various compositions are listed in table 1, using the standard relations
reported in [36]. To our knowledge, no result regarding
the elastic constants are so far available in the literature.
Therefore, our results are considered as purely predictive.
The systematic study of the stability of the network
was made by Born and Huang who formulated the criterion of stability. It is expressed in terms of elastic
constants Ci j by: C11 −C12 > 0, C44 > 0, C11 +2C12 >
0 and C12 < B < C11 [37]. It is clear that the condition
on the criteria of mechanical stability is satisfied for our
materials and therefore our alloys are elastically stable.
There are three traditional relationships that allow us
to verify the ductile/brittle nature of materials: Pugh’s
index of ductility [38], Poisson’s ratio (ν) and the
Cauchy’s pressure [39]. Data in table 1 indicate that the
B/G ratio is between 3.5958 and 3.7915. From the point
of view of ductility and brittleness, the B/G ratio for the
alloys is generally above the critical value 1.75 which
separates the ductile/brittle behaviours, which allows
us to classify Cr2 NbSi1−x Gex as a ductile compound.
The determination of elastic constants allows us to
address the mechanical properties of our materials such
as shear modulus, Young’s modulus and Poisson’s ratio.
These are very important for technological and engineering applications [40]. The Young’s modulus, elastic
modulus or even tensile modulus is a constant which
connects the tensile stress and the deformation for an
isotropic elastic material. The higher the value of E, the
stiffer is the material. From the results in table 1, the
Young’s modulus decreases when we move from 0 to 1.
We conclude that Cr2 NbSi is stiffer than Cr2 NbGe.
The value of the Poisson’s ratio is indicative of the
degree of directionality of the covalent bonds. Our
obtained values for Poisson’s ratio vary from 0.3107
to 0.3186, which is an indication that the interatomic
forces are central forces [41]. From our calculated
values of the Zener anisotropy factor A, which is a
measure of the degree of elastic anisotropy of the crystal, we note that our Heusler alloys are elastically
isotropic.
3.3 Electronic properties
In the following section, we have analysed the electronic structure of the Cr2 NbSi1−x Gex alloys in its
stable phase by calculating the total and atomic siteprojected l-decomposed densities of states (TDOS and
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Figure 3. Total and partial density of states of the quaternary Heusler alloy Cr2 NbSi1−x Gex .

PDOS) for the spins up and down. The calculated TDOS
and PDOS for the alloys studied here are shown in figure
3. Most transport properties are determined on the basis
of the knowledge of the density of states. It is clear that
the orbital states d and f of Nb(Cr) and the transition
metals contribute mostly at the vicinity of the Fermi
level. The metallic character is confirmed by the presented majority-spin states. At the minority-spin states,

it is seen that there is a lack of electronic states at the
Fermi level, which reveal the semiconductor character. This finding indicates that our compounds exhibit
a half-metallic character. From figure 3, it is clear that
the PDOS present three distinct regions. The first region
is located between –10.5 eV and –8 eV below the Fermi
level. This region is formed entirely from states ‘s’ of
Si and Ge atoms. Above them, bands are formed with
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Table 2. Calculated energy gap for Cr2 NbSi1−x Gex
when x = 0, 0.25, 0.50, 0.75 and 1.
Compound
Cr2 NbSi1−x Gex

x

E g (eV)

0.00
0.25
0.50
0.75
1.00

0.1524
0.1742
0.2016
0.2309
0.2622

states ‘d’ of Cr and Nb atoms localised around –6 eV
to 0 eV. In the third region between 0 eV and 8 eV, the
valence bands are dominated by states ‘d’ of Cr and Nb
atoms. The values of the gap energy are summarised in
table 2.
3.4 Magnetic properties
The magnetic moment of a system is the sum of the
orbital moment and the spin moment of the electrons.
The magnetic moment of an atom is the sum of the
spin and orbital moments of its electrons. The contribution of the heart in a total time of electrons in the
atom is zero because in a saturated layer, for each electron spin moment and given orbital moment, there is a
spin moment of electron and opposite orbital moment.
Thus, only valence electrons contribute to magnetism.
The energy band structure of a half-metallic material has
an asymmetry between the spin-up and spin-down states
with an energy gap or pseudogap at the Fermi level. This
gives rise to polarisations of the conduction electrons at
the Fermi level which can reach 100%. Polarisation P of
the spin at the Fermi energy E F of a material is defined
by the relation [42]:
P=

(2020) 94:161
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ρ ↑ (E F ) − ρ ↓ (E F )
,
ρ ↑ (E F ) + ρ ↓ (E F )

where ρ ↑ (E F ) and ρ ↓ (E F ) are the densities of spin
states at E F and ↑ and ↓ denote the majority and the
minority states, respectively.
In half-metallic compounds, the spin moment per unit
of the formula is an integer. Table 3 shows that all of the

present compounds studied Cr2 NbSi and Cr2 NbGe have
a total magnetic moment equal to –3.00 μB . We note that
the main contribution in the magnetic moment is due to
the Nb and Cr atoms. The local moment of two atoms
of Si and Ge is negligibly small and aligned antiparallel
to the moments Cr and Nb and is caused by the overlap
of the electron wave functions and it originates from
the hybridisation of the transition metals, as reported
by Kandpal et al [4]. The polarisation of 100% which is
the characteristic of a half-metal was observed for all the
present alloys. Also note that the values of the magnetic
moment are whole numbers for Heusler alloys.
3.5 Thermal properties
The thermodynamic analysis of the Cr2 NbSi1−x Gex
quaternary alloys can be done by the quasiharmonic
Debye model [43]. Using this model, we can calculate the thermodynamic quantities such as coefficient
of thermal expansion, heat capacity and Debye temperature at different pressures and temperatures. The
thermal properties such as lattice parameter, bulk modulus, heat capacity and the Debye temperature θD were
calculated in the temperature range from 0 to 1200 K and
the pressure in the range from 0 to 20 GPa. The thermal properties were predicted in the temperature range
0–1200 K and the pressure range 0–20 GPa.
The effects of temperature on the lattice parameters
and the bulk modulus of the Cr2 NbSi1−x Gex quaternary
Heusler alloys for various Ge concentrations (0, 0.25,
0.5, 0.75 and 1) are shown in figure 4. As expected, the
volume increases with increasing temperature and the
rate of increase is high. In this figure, we notice that
the relation between the bulk modulus and the temperature is almost linear. We conclude that the bulk modulus
decreases with temperature.
The heat capacity is one of the most important thermodynamic quantities because it provides information
on the characteristics of vibration. The heat capacity
at constant volume Cv tends towards the Petit–Dulong
limit at high temperature [44]. Cv is proportional to T 3 at
sufficiently low temperatures. At intermediate temperatures, the temperature dependence of Cv is governed by

Table 3. Calculated total and partial magnetic moments (in μB ) of
Cr2 NbSi1−x Gex .
Cr2 NbSi1−x Gex
Cr2 NbSi
Cr2 NbSi0.75 Ge0.25
Cr2 NbSi0.50 Ge0.50
Cr2 NbSi0.25 Ge0.75
Cr2 NbGe

m Cr

m Nb

m Si

−1.6223
−1.5831
−1.5496
−1.6060
−1.6401

0.4800
0.4285
0.3831
0.4528
0.5071

0.0397
0.0367
0.0324
0.0383

m Ge

m tot

p (%)

0.0434
0.0392
0.0456
0.0465

−3.0075
−3.0044
−3.0018
−3.0061
−3.0020

100
100
100
100
100
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Figure 5. Variation of heat capacity as a function of temperature and Ge fraction in Cr2 NbSi1−x Gex alloys.

Figure 4. Variation of lattice parameter and bulk modulus as
a function of temperature and Ge fraction in Cr2 NbSi1−x Gex
alloys.

Figure 6. Variation
of
Debye
temperature
of
Cr2 NbSi1−x Gex Heusler alloys with Ge concentration.

the vibrations of atoms and for a long period it can only
be determined from experiments [45].
Our results for the Cr2 NbSi1−x Gex quaternary Heusler
alloys concerning the heat capacity Cv at different temperatures are depicted in figure 5. There is a strong
increase in Cv up to 500 K, which is due to the anharmonic approximation of the Debye model. At high
temperatures, the heat capacity Cv approaches the classical value of 74.18 J mol−1 K−1 .
Figure 6 represents the variation of the Debye temperature θD as a function of concentration Ge for
Cr2 NbSi1−x Gex alloys at various temperatures. We can
say that θD is almost constant from 0 to 100 K, and
decrease with the germanium concentration and temperature.

4. Conclusion
In this paper, using DFT, we studied in detail the structural, elastic, electronic, magnetic and thermal properties of the quaternary Heusler alloys Cr2 NbSi1−x Gex at
ambient as well as at elevated temperatures. We studied
these characteristics as these are not available in literature. The alloys studied are more stable in AlCu2 Mn
(L21 ) structure. Study of magnetic properties indicates
that the alloy is elastically stable, ductile and isotropic.
The variation of the lattice parameters as a function of
concentration obeys Végard’s law. The densities of the
states show a half-metallic character. The values of magnetic moment are whole numbers and the values of 100%
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of polarisation bring us closer to the half-metallic character. Thanks to the quasiharmonic Debye model, we
were able to study and analyse the thermal properties of
the quaternary alloy Cr2 NbSi1−x Gex . Finally, we can
report that due to the potential half-metallicity exhibited by our investigated alloys, these compounds can be
used for spintronic application.
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