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ABSTRACT
The aim of this study is to investigate the structural, electronic, magnetic, elastic 
and thermodynamic properties of Be2FeX (X = Ag, Au, Cd, Cu, Ga, Zn) Heusler 
alloys. These alloys, which contain the elements Be and Fe, have important appli-
cations, particularly in the aerospace industry, although they have attracted atten-
tion due to their toxic nature. Calculations using Quantum Espresso and Thermo 
Pw packages based on the DFT approach showed that all alloys are mechanically 
stable according to born stability criteria. The Be2FeAg alloy, with its moderate 
hardness and ductility, is suitable for structural applications where high hardness 
and ductility are not required. The metallic conductivity of the alloy suggests 
potential applications in areas such as spintronic devices, energy conversion and 
storage devices. Be2FeAu alloy is suitable for applications requiring mechanical 
strength with low ductility and medium hardness (Young’s modulus value of 
161.93 GPa). Be2FeCd alloy offers significant potential for magnetic data stor-
age and sensing applications due to its high ductility and metallic conductivity 
(B/G rate of 2.35). Be2FeCu alloy, with its high hardness (Young’s modulus value 
of 241.862 GPa) and low ductility, is ideal for applications where mechanical 
strength is critical. Be2FeGa alloy, with its flexible structure (B/G rate of 3.55), is 
suitable for energy efficiency and optoelectronic devices. Be2FeZn alloy, with its 
medium hardness (Young’s modulus value of 164.29GPa) and ductility (B/G rate 
of 2.16), has the potential for use in high temperature applications. Understand-
ing the properties of these alloys can provide guidance for future technological 
applications and new materials development processes.

1 Introduction

Following their discovery in 1903, Heusler alloys 
have become a significant research area within the 
field of modern materials science. These intermetallic 
compounds are categorized as full and semi-Heusler 

alloys, with the respective chemical formulae X2YZ 
and XYZ [1–6]. The properties of these alloys, which 
include magnetic, electronic, structural, thermal stabil-
ity and heat capacity, have led to their extensive utili-
zation in numerous technological applications. Nota-
bly, their wide band gaps and high charge transport 
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mobility have rendered them prominent materials in 
energy applications [7].

The ferromagnetic and antiferromagnetic phase 
transitions of Heusler alloys have made them impor-
tant for spintronic applications, and the topological 
properties of some Heusler alloys have also contrib-
uted to the development of advanced quantum materi-
als [8]. Recent high-resolution spectroscopic analyses 
and advanced computational methods have provided 
significant insights into the synthesis and structural, 
electronic, elastic, thermal and vibrational properties 
of these alloys [9–15]. It has also been demonstrated 
that the electronic and magnetic properties of Heusler 
alloys can be tuned by controlling some properties at 
the atomic level.

Density Functional Theory (DFT) is a widely used 
computational method to study the electronic and 
magnetic structures of Heusler alloys [16]. DFT ena-
bles comprehension of the fundamental properties of 
materials based on the principles of quantum mechan-
ics, facilitating detailed study of material interactions 
and band structures. In 2022, Huang and colleagues 
demonstrated that point defects can be engineered to 
enhance the thermoelectric performance of Heusler 
alloys [12]. These computational studies provide valu-
able guidelines for experimental research.

The physical and chemical properties of Heusler 
alloys are such that they are considered ideal material 
candidates for modern technology; this study investi-
gates the possible application areas of Be2FeX (X = Ag, 
Au, Cd, Cu, Ga, Zn) Heusler alloys and the techno-
logical potential of these alloys. In addition, the study 
investigates how the properties of these alloys can be 
optimized by advanced computational methods. The 
studies carried out in this context will guide future 
experimental investigations.

2 �Method

The aim of this study is to understand the structural, 
electronic, elastic and thermal properties of Be2FeX 
(X = Ag, Au, Cd, Cu, Ga, Zn) Heusler alloys and to 
predict their possible applications in technology. For 
this purpose, the Quantum Espresso (QE) package 
program based on the density functional theory (DFT) 
approach was used. QE is an open-source package 
program used for plane wave-based DFT calculations 
with a wide range of applications in materials science 
[17–19]. To determine the stable states of molecules in 

the calculations, it is necessary to calculate the mini-
mum energy state of the molecule. To calculate the 
minimum energy, the electronic ground-state charge 
density and exchange correlation potential of the mate-
rial must be determined. The Perdew–Burke–Ernzehof 
generalized gradient approximation (PBE-GGA) was 
used to determine the exchange correlation potential 
[20]. The pseudo potentials used for the effects on 
the wave function due to the interaction of the cor 
and valence electrons of atoms were chosen from the 
Rappe group. The kinetic energy cutoff for the wave 
functions was chosen as 40 Ry, and the electronic 
charge density cutoff was 400 Ry. For calculations in 
the vicinity of the Fermi surface, the Smearing Smear-
ing parameter was chosen as 0.05 Ry. The Thermo Pw 
(TP) program was used to calculate the thermody-
namic properties and elastic constants of the alloy. It 
was assumed that pressure was applied to the alloy, 
and elastic constants were calculated from the energy 
difference between the distorted and undistorted crys-
tal structures of the alloy under this pressure [21, 22]. 
After the elastic constants were calculated, the moduli, 
which help us understand some of the properties of 
the alloys, such as ductility and hardness, were calcu-
lated via these elastic constants. Thermodynamic cal-
culations of the alloy were based on the Debye model.

3 �Results and discussion

3.1 �Structural properties

Representative unit cell structures of Be2FeX (X = Ag, 
Au, Cd, Cu, Ga, Zn) Heusler alloys whose atoms are 
arranged according to the Fm-3 m space group and 
crystallize in the L21 phase are shown in Fig. 1.

The positions of the atoms of the Be2FeX (X = Ag, 
Au, Cd, Cu, Ga, Zn) Heusler alloys in the unit cell are 
given in Table 1, including the (x, y, z) coordinates.

The calculated steady-state optimized lattice con-
stants for the minimum energy values of the alloys, 
the moduli obtained via these constants and several 
constants are given in Table 2.

The elastic constants play a very important role in 
all the given equations. After calculating these con-
stants, the aforementioned modulus and ratios were 
calculated using the equations [23–26]. As a result of 
the calculations, we found that Be₂FeX (X = Ag, Au, 
Cd, Cu, Ga, Zn) alloys meet the Born stability criteria. 
Born stability criteria that allow us to understand that 
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Fig. 1   Representative unit cell structures of Be2FeX (X = Ag, Au, Cd, Cu, Ga, Zn) Heusler alloys in the Fm-3 m space group
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the alloys are mechanically stable are given in Eq. (1). 
The bulk modulus was calculated via Eq. (2), shear 
modulus via Eq. (3), Young’s modulus via Eq. (4), Pois-
son’s ratio via Eq. (5), and the Anisotropy factor via 
Eq. (6) [27].

The calculated bulk modulus of the alloys revealed 
that the Be2FeCu alloy has the largest B value and that 
Be2FeCd has the smallest B value. The B values of all 
the alloys are greater than 100 GPa, which means that 
all the alloys have low compressibility. Among them, 
the least compressible alloy was Be2FeCu, and the 

(1)C
44

> 0;C
11

− C
12

> 0;C
11

+ 2C
12

> 0

(2)B = (C
11

+ 2C
12
)∕3

(3)G = 5(C
11

− 2C
12
).C

44
∕3(C

11
− 2C

12
) + C

44

(4)E = 9BG∕3B + G

(5)� =
1

2

(

1 −
E

3B

)

(6)A = 2.C
44
∕
(

C
11

− C
12

)

least compressible alloy was Be2FeCd. The Young’s 
modulus can be used as a measure of hardness [22]. 
Hardness comparison can be made by examining the 
E values of the alloys. Considering this information, 
the hardest alloy was Be2FeCu, and the softest alloy 
was Be2FeGa. The B/G ratios of the alloys allow us to 
estimate their ductility. Since the B/G ratios of all the 
alloys are greater than 1.75, all the alloys are ductile. 
When the alloys were ranked among themselves, 
Be2FeGa was the most ductile, and Be2FeAg was the 
most brittle. Poisson’s ratio of the alloys provides 
information about the characteristics of the atomic 
bonding in the alloys. Considering Poisson’s ratio, 
the atomic bonds in all the alloys are predominantly 
ionic in character. In addition, the anisotropy factor 
of all the alloys is different from 1, and all the alloys 
are anisotropic.

4 �Thermodynamic properties

The Debye temperature is a pivotal parameter in 
determining the elastic properties, atomic vibra-
tions and low-temperature heat capacity of a mate-
rial. It plays a significant role in understanding the 
physical behavior of solids at low temperatures and 

Table 1   Positions (x, y, z) of 
the Be2FeX (X = Ag, Au, Cd, 
Cu, Ga, Zn) Heusler alloys 
within the unit cell

Material Position (Be (x, y, z)) Position (Fe(x, y, z)) Position (Ag, Au, 
Cd, Cu, Ga, Zn(x, 
y, z))

Be2FeAg (0, 0, 0)–(0.5, 0.5, 0.5) (0.75, 0.75, 0.75) (0.25, 0.25, 0.25)
Be2FeAu 0, 0, 0)–(0.5, 0.5, 0.5) (0.75, 0.75, 0.75) (0.25, 0.25, 0.25)
Be2FeCd 0, 0, 0)–(0.5, 0.5, 0.5) (0.75, 0.75, 0.75) (0.25, 0.25, 0.25)
Be2FeCu 0, 0, 0)–(0.5, 0.5, 0.5) (0.75, 0.75, 0.75) (0.25, 0.25, 0.25)
Be2FeGa 0, 0, 0)–(0.5, 0.5, 0.5) (0.25, 0.25, 0.25) (0.75, 0.75, 0.75)
Be2FeZn 0, 0, 0)–(0.5, 0.5, 0.5) (0.25, 0.25, 0.25) (0.75, 0.75, 0.75)

Table 2   Calculated lattice parameters (ao, Å), bulk modulus (B, 
GPa), shear modulus (G, GPa), Young’s modulus (E, GPa), B/G 
ratio, Poisson’s ratio (σ), anisotropy factor (A), and elastic con-

stants (C11, C12, C44, GPa) of Be2FeX (X = Ag, Au, Cd, Cu, Ga, 
Zn) Heusler alloys

Materials ao B G E B/G σ A C11 C12 C44

Be2FeAg 5.456 116.97 60.40 154.57 1.94 0.2796 1.71 175.34 87.79 74.93
Be2FeAu 5.485 127.47 62.85 161.93 2.03 0.2881 1.60 190.75 95.83 75.86
Be2FeCd 5.620 111.73 47.63 125.10 2.35 0.3132 1.66 158.57 88.32 58.40
Be2FeCu 5.181 258.40 83.64 241.862 3.09 0.3433 2.18 333.75 220.72 123.00
Be2FeGa 5.335 130.65 36.80 96.23 3.55 0.3073 34.45 135.41 128.27 106.15
Be2FeZn 5.347 137.29 63.45 164.29 2.16 0.2947 3.59 176.45 117.70 105.56
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is frequently evaluated in engineering fields such as 
thermal conductivity. The Thermo Pw program with 
the Debye model was used to understand the thermo-
dynamic properties of the alloys. The calculated Debye 
temperatures for the alloys are given in Table 3.

A low Debye temperature indicates that the melting 
temperature of the material is low. This information 
means that materials with lower melting temperatures 
are more stable. Table 3 shows that the alloy with the 
lowest Debye temperature is Be2FeGa, and on the basis 
of this information, this alloy is more stable than the 
others. The temperature-dependent changes in energy, 
free energy, entropy and heat capacities plotted in the 
Thermo Pw program for the alloys are given in Figs. 2, 
3, 4 and 5.

Figure 2 shows that the vibration energy of the 
Be2FeCu alloy is greater than that of the other alloys. 
The reason for this is that the mass of the Cu added 
to the Be2Fe skeleton structure is smaller than the 
masses of the other elements added to the same 
skeleton structure. In accordance with the conserva-
tion of total energy, materials with high vibration 
energy are expected to have low free vibration ener-
gies. Figure 3 shows that the graph obtained was in 
accordance with expectations. When the entropy of 
the alloys is examined in Fig. 4, the Be2FeCu alloy is 
the most regular, and the Be2FeGa alloy is the most 

irregular alloy. Finally, according to the heat capac-
ity graphs of the alloys, the Be2FeGa alloy has the 
highest heat capacity value, and the Be2FeCu alloy 
has the lowest heat capacity value. Figure 5 shows 
that the heat capacity values of all three alloys 
are constant after approximately 300 K. This limit 

Table 3   Debye temperatures calculated for Be2FeX (X = Ag, Au, Cd, Cu, Ga, Zn) Heusler alloys ( �Debye(K))

Material Be2FeAg Be2FeAu Be2FeCd Be2FeCu Be2FeGa Be2FeZn

�Debye 438.56 368.32 392.44 602.74 312.91 497.79

Fig. 2   Vibrational energy—temperature curves of Be2FeX 
(X = Ag, Au, Cd, Cu, Ga, Zn) Heusler alloys

Fig. 3   Free vibrational energy—temperature curves of Be2FeX 
(X = Ag, Au, Cd, Cu, Ga, Zn) Heusler alloys

Fig. 4   Entropy—temperature curves of Be2FeX (X = Ag, Au, 
Cd, Cu, Ga, Zn) Heusler alloys
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reached by the heat capacity of the alloys is known 
as the Dulong-Petit limit [28].

5 �Electronic properties

Electronic band graphs of the Be2FeX (X = Ag, Au, 
Cd, Cu, Ga, Zn) alloys are shown in Fig. 6.

The electronic band graph of the Be2FeAg alloy 
revealed that the curves belonging to the conduction 
and valence bands cut the Fermi energy level at the 
spin-up and spin-down axes. This helps us under-
stand that there is no forbidden energy gap between 
the conduction and valence bands of the alloy. The 
fact that electrons can easily pass between the bands 
indicates that the Be2FeAg alloy has a metallic con-
ductive character. In addition, when the DOS graphs 
in Fig. 7 are examined, it is understood that this alloy 
has metallic properties. In light of this information, the 
Be2FeAu alloy is metallic, the Be2FeCd alloy is metallic, 
the Be2FeCu alloy is metallic, the Be2FeGa alloy is half 
metallic-like, and the Be2FeZn alloy is metallic. A small 
gap between the curves on the spin-down symmetry 

axis of the Be2FeGa alloy and the Fermi energy level 
indicates that this alloy may exhibit half metallic-like 
behavior. When Fig. 7 is examined, it is understood 
from which orbitals the electrons that contribute sig-
nificantly to the conductivity of the alloys come from.

The calculated total magnetic moment values of 
the alloys are shown in Table 4.

According to the calculated values, the Be2FeCd 
alloy has the highest magnetic moment, and the 
Be2FeCu alloy has the lowest magnetic moment.

6 �Conclusions

This study investigated the structural, electronic, 
magnetic, elastic, and thermodynamic properties of 
Be2FeX (X = Ag, Au, Cd, Cu, Ga, Zn) Heusler alloys 
using DFT-based calculations. All alloys were found 
to be mechanically stable according to the Born sta-
bility criteria.

The Be2FeAg alloy exhibits moderate hardness and 
ductility, making it suitable for structural applica-
tions and spintronic devices. Be2FeAu, with low duc-
tility and moderate hardness, is impact-resistant and 
suitable for energy storage and conversion applica-
tions. Be2FeCd, possessing high ductility and strong 
ferromagnetism, shows promise for magnetic data 
storage and sensor applications. Be2FeCu is the hard-
est alloy with excellent conductivity and high ther-
mal stability, making it ideal for high-temperature 
electronic and mechanical applications. Be2FeGa is 
highly ductile and exhibits half-metallic-like conduc-
tivity, making it suitable for flexible and optoelec-
tronic devices. Be2FeZn, with medium hardness and 
ductility, has potential in magnetic sensors, memory 
applications, and high-temperature environments.

These findings provide insights into the techno-
logical applications of these alloys and guide future 
experimental studies.

Fig. 5   Heat capacity—temperature curves of Be2FeX (X = Ag, 
Au, Cd, Cu, Ga, Zn) Heusler alloys
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Fig. 6   Electronic band plots of Be2FeX (X = Ag, Au, Cd, Cu, Ga, Zn) alloys
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Fig. 7   DOS plots of the Be2FeX (X = Ag, Au, Cd, Cu, Ga, Zn) alloys
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