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In this paper, we have investigated the structural, elastic, electronic, and magnetic properties of Rh2CrGe full-

Heusler alloy in the regular type (Cu2MnAl, prototype L21) phase by using the first-principle methods of density
functional theory with local spin-density approximation. We have found that Rh2CrGe is stable in the ferromagnetic
configuration. This result is confirmed by the calculated cohesive energies. The stability criteria show that Rh2CrGe
is mechanically stable in L21 structure. The spin-polarized electronic structures depicted a metallic character.
The calculated total magnetic moment of 3.78 µB is not in agreement to the value of 4 µB of the Slater–Pauling
rule. Therefore the Rh2CrGe full-Heusler alloy is metallic ferromagnet in nature.
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1. Introduction

The full and half-Heusler alloys have attracted im-
portant interest because of their potential applications
as multifunctional materials for spintronic devices [1–3].
These compounds have important properties such as
shape memory [4], superconducting, and thermoelec-
tric materials [5, 6]. Among full-Heusler alloys there
have been revealed a half-metallic feature [7–9]. Half-
metallic Heusler alloys [10, 11] have been of great in-
terest due to their ferromagnetic properties and half-
metallic character with 100% spin polarization, implying
that they are promising materials for exploitation in the
spintronic applications [11–13]. The half-metallic ferri-
magnetic Heusler alloys are much more desirable than
the other compounds for magneto-electronic applica-
tions [14, 15]. This is mainly due to the internal spin com-
pensation generating additional advantages leading to a
rather low value of the total magnetic moment in these
alloys [15].

Several researchers have found that some full-Heusler
alloys are not half-metals, but they exhibit a metal-
lic character due to the metallic nature of their spin-
polarized electronic structures [16–20]. The Rh2FeAl [16]
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and Fe2NiZ (Z = Al, Ga, In) [17] full-Heusler alloys
revealed metallic nature because the valence and the
conduction bands dominate the Fermi level for two
spins channels. However, Wei et al. [18] found that
the metallic character of Fe2NiTe alloy originates from
the contribution of Fe- and Ni 3d states around the
Fermi level. Although, Zhang et al. [19] and Wei [20]
found that a pseudogap occurs below the Fermi level
for minority-spin states and the Fermi level gradually
moves from the shoulder of minority-spin states to the
pseudogap [20].

The chemical formula of the Heusler alloys [21] is
X2YZ, where X and Y are transition elements and Z
is a main group atom. The ordered full-Heusler cubic
alloy X2YZ crystallizes into two prototypical structures;
the so-called “regular” type (Cu2MnAl, prototype L21)
with space group Fm3̄m No. 225 and the Li2AgSb type
structure called “inverse” Heusler type with a space group
F 4̄3m No. 216 (type Xa) [22]. For the L21 prototype
structure, the most electronegative element X occupies
the position of the Wyckoff position 8c (¼, ¼, ¼), Y is at
4b (½, ½, ½), and Z is at 4a (0, 0, 0) [11, 21, 22]. The
Xa-type has four inequivalent positions in the unit cell,
where the X1 occupy 4d (¼, ¼, ¼), Y in 4c (¾, ¾, ¾), X2 in
4b (½, ½, ½), and Z in 4a (0, 0, 0) [11, 21, 23].

The objective of this study is to investigate the struc-
tural, elastic, electronic, and magnetic properties of
Rh2CrGe compound. We have used the first-principle
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methods of density functional theory [24, 25] within
the local spin-density approximation (LSDA) [26] to
determine the magnetic phase stability, elastic con-
stants, the structural parameters, the spin-polarized elec-
tronic structures, and the ferromagnetic properties of
Rh2CrGe full-Heusler alloy. Our study is organized
as follows: the computational method and the details
of calculations are described in Sect. 2, the results
are discussed in Sect. 3, and we end this work with
a conclusion.

2. Computational method

We have performed the structural, electronic, and
magnetic properties of Rh2CrGe in the regular type
(Cu2MnAl, prototype L21) structure with space group
Fm3̄m No. 225 as shown in Fig. 1 by using first-principle
methods of density functional theory (DFT) [24, 25]
based on the full-potential linearized augmented plane
wave (FPLAPW) approach as implemented in WIEN2k
code [27], where the exchange and correlation potential is
treated by the local spin-density approximation (LSDA)
of Perdew and Wang [26]. The cut-off energy is chosen
as −0.6 Ry that determines the separation between the
valence and the core states. The RMTKmax parameter
was taken to be 7. To ensure the convergence of our cal-
culations, we have taken lmax = 10. The used muffin-tin
sphere radii are 2.0, 2.4, 1.95 a.u. (atomic unit) for Rh,
Cr, and Ge atoms, respectively, in such a way that the
muffin–tin spheres do not overlap. The charge density
was Fourier expanded up to Gmax = 12 (a.u.)−1. In our
calculations, the Rh [Kr]: 5s14d8, Cr [Ar]: 4s13d5, and
Ge [Ar]: 4s23d104p2 states are treated as valence states.
The Monkhorst–Pack special k-point scheme with a 1500
special k-points in the Brillouin zone has been used for
Rh2CrGe alloy [28]. The self-consistent convergence of
the total energy was set at 0.1 mRy.

Fig. 1. The crystal structure of Rh2CrGe alloy in the
L21 phase.

3. Results and discussions

3.1. Structural properties

3.1.1. Magnetic stability and structural parameters
Firstly, we have determined the magnetic stability of

the Rh2CrGe compound by the calculated difference en-
ergy ∆E = ENM − EFM between the energies ENM and
EFM of nonmagnetic (NM) and the ferromagnetic (FM)
configurations, respectively. We have carried out the
structural optimization by fitting the Murnaghan equa-
tion of state [29] that describes the variation of energies
as a function of volumes as shown in Fig. 2. We have used
in our calculations the predicted value of lattice param-
eter found by Gilleßen [30]. The obtained results such
as equilibrium lattic constants (a), bulk modules (B),
and their pressure derivatives (B′), and minimum total
energies (E) of FM and NM configurations with other
theoretical data [30, 31] are reported in Table I. We have
found that the difference energy between the FM and
NM states ∆E is equal to 0.054 eV. This positive value
indicates that the FM state configuration of Rh2CrGe is
more stable than NM states.

Fig. 2. The total energy as a function of unit cell
volume of Rh2CrGe alloy in ferromagnetic and non-
magnetic configurations.

TABLE I
Calculated equilibrium lattice constants (a), bulk mod-
ules (B) and their pressure derivatives (B′), mini-
mum total energies (E) and cohesive energies (Ecoh) for
Rh2CrGe alloy.

Configuration a [Å]
B

[GPa]
B′ E [Ry]

Ecoh

[eV/atom]
ferromagnetic 5.94 242.08 4.79 −25412.965880 −7.75
non-magnetic 5.91 259.76 4.74 −25412.911983 −6.81
other calc. 6.091 [30]

5.57 [31]

3.1.2. Cohesive energies
The cohesive energy reflects the stability of com-

pound. In our case, we have characterized the sta-
bility of Rh2CrGe compound in the ferromagnetic or



456 M. Mebrek, A. Mokaddem, F. Bouasria, B. Doumi, A. Mir, A. Yakoubi, A. Boudali

non-magnetic configurations by calculating the cohesive
energies. The cohesive energy ERh2CrGe

coh is given by the
following expression [32, 33]:

ERh2CrGe
coh =[
xERh

atom + yECr
atom + zEGe

atom

]
− ERh2CrGe

total

x+ y + z
, (1)

where x, y, and z are the numbers of Rh, Cr, and Ge
atoms in the unit cell, respectively. The ERh2CrGe

total is the
total energy of the unit cell, and the ERh

atom, ECr
atom, and

EGe
atom are the energies of the single Rh, Cr, and Ge atoms,

respectively. The calculated values of the cohesive ener-
gies are summarized in Table I. The computed cohesive
energies are 7.75, 6.81 eV/atom for FM and NM, respec-
tively. Therefore, the larger absolute value of 7.75 eV
means that the FM arrangement is more stable than that
the NM state, which confirms the result obtained from
the structural optimization.
3.1.3. Elastic properties and mechanical stability

The study of the elastic properties has an important
role to know the nature of the bond between the neigh-
bouring atomic planes, and the elastic constants describ-
ing the mechanical stability of the deformation of the
crystalline face. It is the proportionality coefficients con-
necting the applied strain to the stress, which give the
response of the material, its strength and mechanical sta-
bility under compression [12, 34, 35]. The computed elas-
tic constants C11, C12, and C44 are summarized in Ta-
ble II. From these parameters, it is possible to calculate
the values of the mechanical stability criteria. In a cu-
bic crystal, the mechanical stability is obtained when the
following conditions are satisfied [36]:

C11 > 0, C11C12 > 0, C44 > 0,

C11 + 2C12 > 0, and C12 < B < C11. (2)

We have understood that the Rh2CrGe compound is
mechanically stable because our results verify the sta-
bility criteria [12, 36]. The C11 and C12 describe the re-
sponse of the crystal to unidirectional compression, while
C44 is proportional to the shear modulus and can be
used as a measure of shear deformation. The value of
C11 is larger than that of C44 of 586%. This reveals
that Rh2CrGe has more compressive strength than shear
deformation. It can be seen from Table II that the cal-
culated bulk modulus at zero pressure from elastic con-
stants is 4% higher than that obtained by the total en-
ergy optimization. It gives an indication of the reliabil-
ity and precision of our calculated elastic constants of
Rh2CrGe [12].

TABLE II

Calculated elastic constants for Rh2CrGe alloy

Compound C11 [GPa] C12 [GPa] C44 [GPa]
Rh2CrGe 342.44 206.9 141.78

We have employed the Voigt–Reuss–Hill (VRH) ap-
proximation [37, 38] to calculate the bulk modulus (B)
and the shear modulus (G) of Rh2CrGe alloy given by
B = 1/3(C11 + 2C12) and G = (C11C12 + 3C44)/5 ex-
pressions, respectively. The Young modulus (E) and
the Poisson ratio (ν) of Rh2CrGe alloy are computed
respectively from the E = 9BG/ (3B +G) and ν =
(3B − 2G) /2(3B + G) relations [37, 38]. The results of
these parameters are given in Table III. The bulk modu-
lus (B) determines the resistance of a material to volume
change and reflects its response to a hydrostatic pressure.
For cubic material, the shear modulus (G) is related to
the second-order elastic constants [35]. The shear mod-
ulus (G) depicts the resistance of a material to shape
change, while the Young modulus determines the resis-
tance against uniaxial tensions. These parameters are
important factors to define the mechanical features of
a material [35]. We notice that there are no available
data to compare with our results of elastic constants,
bulk, and shear modulus. The calculated elastic con-
stants are employed to calculate the Zener anisotropy
parameter (A) [12, 37], which is given by the formula
A = 2C44/(C11 − C12). It is an important physical fea-
ture that gives information on the degree of anisotropy in
the solid structure. It can be said that if A < 1, the mate-
rial is most rigid along the axis of the cube 〈100〉, whereas
if A > 1 the material is most rigid along the diagonals
of the body 〈111〉 [39]. We get the anisotropy parameter
A = 2.09, and this value indicates that the Rh2CrGe al-
loy is anisotropic. The anisotropy factor A = 2.09 > 1
reveals that Rh2CrGe is more rigid along the diagonals of
the body 〈111〉 in the L21 structure. From the criterion
of Pugh [40] the B/G ratio is a ductility index of a ma-
terial when it is larger than 1.75. In our case, the B/G
ratio is 2.39, which means that the Rh2CrGe compound
is ductile.

TABLE III

Calculated bulk modulus B, shear modulus G, Young’s
modulus E, Poisson’s ratio ν, criterion of Pugh B/G and
anisotropic factor A for Rh2CrGe alloy

Compound E [GPa] B [GPa] G [GPa] ν B/G A

Rh2CrGe 272.73 252.07 105.43 0.316 2.39 2.09

3.2. Ferromagnetic properties and electronic structures

3.2.1. Magnetic moments
The calculated total and partial moments of Rh2CrGe

is given in Table IV. It shows that the main contribution
of total magnetic moment is originated from the Cr atom.
The ferromagnetic interaction results from the coupling
between the positive magnetic moments of Cr and Rh
atoms, while the antiferromagnetic coupling is produced
between the positive magnetic moment of Cr atom and
the negative magnetic moment of Ge. The calculated
magnetic moment is in good agreement with theoretical
calculation of Gilleßen [30].
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TABLE IV

Calculated values of total and partial magnetic moments
Rh2CrGe alloy

Compound
Total
[µB]

Rh
[µB]

Cr
[µB]

Ge
[µB]

Interstitial
[µB]

Rh2CrGe 3.78 0.32 2.69 −0.0014 0.46
other 3.87 [30]
calculations 2.256 [31]

We have compared the calculated total magnetic mo-
ment of Rh2CrGe to the Slater–Pauling rule. This rule is
used to calculate the total magnetic moment (Mt) of the
Heusler alloys by the following formula Mt = (Zt − 24),
where the Zt is the valence electrons number per for-
mula unit [16]. According to the Slater–Pauling rule,
the total magnetic moment per unit cell Mt is 4 µB for
Rh2CrGe alloy, whereas its total magnetic moment ob-
tained by the LSDA approximation is 3.78 µB (see Ta-
ble IV). Therefore, the calculate total magnetic of 3.78 µB

is not in agreement with the Slater–Pauling rule because
the conduction electrons at the Fermi level are not polar-
ized fully [20]. Consequently, the Rh2CrGe full-Heusler
is metallic ferromagnet without half-metallic character.
The metallic ferromagnetic behavior in Rh2CrGe has
been predicted in some full-Heusler alloys [17, 18, 20].

3.2.2. Band structures

We have calculated the band structures by the use of
FPLAPW method with LSDA approximation. Figure 3
displays spin-polarized band structures of Rh2CrGe com-
pound along high symmetry direction in the first Bril-
louin zone. We have noticed that there is an overlap
between the valence and conduction bands around Fermi
level for both channels of spins, which is originated from
the 3d (Cr) and 4d (Rh) bands that cross the Fermi level
along the X-W directions. The band structures of both
majority- and minority-spin bands show absence of band
gap at the Fermi level, confirming the metallic nature of
Rh2CrGe alloy.

Fig. 3. The band structures of majority spin (up) and minority spin (dn) for Rh2CrGe alloy.

3.2.3. Densities of states and charge densities
The calculated total and partial densities of states of

Rh2CrGe are shown in Fig. 4. It shows that the Fermi
level is dominated by the densities of states for both spins
directions and hence there is no gap at the Fermi level.
Consequently, the Rh2CrGe is metallic in nature. In
addition, the total density of states of both majority-
and minority-spin states depicted pseudo-gaps, which
are situated below Fermi level. The metallic character
around the Fermi level originates from the 3d (Cr) and 4d
(Rh) states, while the contribution of the 4p (Ge) states

is almost absent. We understand that 3d (Cr) states
mainly contribute in metallic nature compared to the 4d
(Rh) states. To investigate the nature of chemical bond-
ing in the Heusler alloys [17] we have performed the plot
of charge density distribution along (110) plane Rh2CrGe
compound displayed by Fig. 5. It shows that amounts of
charge are positioned between RhGe atoms and between
CrGe. This means that electron accumulations between
Rh–Ge is important compared to that between Cr–Ge,
revealing that Rh–Ge and Cr–Ge have a common cova-
lent bonding character.
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Fig. 4. Spin-polarized total and partial densities of
states of majority spin (up) and minority spin (dn) for
Rh2CrGe alloy.

Fig. 5. Electronic charge densities of Rh2CrGe alloy
along (110) planes.

4. Conclusion

The first principle calculations of DFT within LSDA
approximation were used to investigate the structural
stability, elastic, electronic, and magnetic properties
of Rh2CrGe full-Heusler alloy in the regular type
(Cu2MnAl, prototype L21) phase. We have found that

the ferromagnetic configuration is stable compared to
non-magnetic state. The stability in the ferromagnetic
configuration is confirmed by the calculated cohesive
energies. The mechanical stability criteria show that
Rh2CrGe compound is stable in the regular L21 struc-
ture. The origin of ferromagnetism in the Rh2CrGe is
mainly due to contribution of the 3d states of chromium
(Cr). The calculated total magnetic moment of Rh2CrGe
is 3.78 µB, which does not respect the Slater–Pauling
rule. The electronic structures for both spins direc-
tions revealed a metallic nature with pseudo-gap situ-
ated below the Fermi level. Therefore, results of elec-
tronic and magnetic properties suggest that the full-
Heusler Rh2CrGe alloy is metallic ferromagnet without
half-metallicity.
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