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The structural, thermal, electronic and elastic properties of LiRUAS Semi Heusler
alloy were investigated using a generalized gradient approximation (GGA) approach,
which employs a density functional theory (DFT) to examine the alloy's optimized

equilibrium lattice parameter. The optimized lattice parameter was found to be 5.601
A. The results of the calculations indicate that the alloy was mechanically stable.
Additionally, owing to the modulus and certain ratios, such as the bulk modulus
Young's modulus the alloy was found to have low compressibility and a soft, ductile
and anisotropic natiire. The Debye temperature of the alloy was calculated to be
281.186 K. We believe that the LiRuAs SH alloy may be particularly useful for
magnetic field shielding applications due to its metallic conductive and nonmagnetic

nature.

1. Introduction

Technology has become one of the almost
indispensable facts in our lives in the 21st century.
With the development of technology, people's quality
and duration of life have increased. Materials science
has played a major role in the development of
technology. New applications of elements and
materials composed of these elements, especially in
the field of electronics, have enabled technology to
advance step by step daily. As new generation smart
materials, nanomaterials, semiconductors, and
magnetic and nonmagnetic materials are examined,
their previously unknown properties are determined,
and new comfort areas are offered to humanity thanks
to devices made using these properties.

In a 1903 study, it was observed that the
alloys examined could have magnetic properties,
although the elements that make up the alloys
obtained were not magnetic [1]. This showed that
some properties that are not present in the constituent
elements of the alloys may be present in the alloys
from which they are synthesized. Based on the
abovementioned work, such alloys have been given
the general name Heusler alloys, and these alloys
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have been studied, especially for the production of
new generation magnetoelectronic and spintronic
devices. Heusler alloys generally consist of four
nested face-centered cubic (FCC) cells, and their
general formula was initially determined to be XY Z.
Studies have shown that one of these FCC cells can
be removed from alloys and that the properties of the
new alloy formed in this way can change compared to
those in the initial state. In this way, the alloys
obtained by removing a subcell from the alloys in
accordance with the general formula XY, Z are called
Semi-Heusler (SH) alloys. The general formula for
preparing Semi-Heusler alloys is XYZ [2]. Heusler
alloys are generally costly and time consuming to
obtain. It is also possible that not all synthesized
alloys are promising for various applications [3 -11].
Therefore, it is logical and scientific to determine
promising materials by performing theoretical studies
before the experimental study of alloys and to proceed
to the device production stage by performing
experimental studies after this stage.

In this study, the electronic, structural, elastic,
thermal and physical properties of LiRuAs SH alloys
were investigated with the help of the Quantum-
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ESPRESSO software package, which includes a
density function theory (DFT) approach [12,13].

2. Material and Method

The state in which a material has minimum energy is
called steady-state energy. The lattice constant of the
material at this minimum energy is called the steady-
state lattice constant. These constants are used to
determine many properties of the material. To
determine the steady-state lattice constants of
materials, it is necessary to know the interactions
between the electrons and atoms in the material. In
this study, the DFT approach was used to theoretically
calculate the steady-state optimized lattice constant
and structural, electronic, and thermal properties of
the material. To perform calculations with this
approach, the ground-state electronic charge density
expression proposed by Kohn and Sham in 1965 was
used [14].

To perform calculations for the minimum-
energy steady state, it is necessary to determine the
exchange correlation potential of noninteracting
electrons. This potential is determined by an approach
called the local density approximation (LDA) [15].
To improve the success rate of the calculations, a
group of scientists developed the Perdew-Burke-
Ernzehof generalized gradient approximation (PBE-
GGA) [16] The PBE-GYY approach was also used
for the calculations performed in this study for the
LiRuAs SH alloy. In addition to these approaches, it
is necessary to solve the Schrodinger Equation in
equation 1 to calculate the minimum energy of the
alloy.

D)

To solve this equation, potential contributions
from the cor and valence electrons must be added to
the equation. In the calculations, Rappe group
potentials were selected from the potential pseudo
potentials required for the LiRuAs SH alloy [17]. In
the calculations, the plane wave shear energy was
chosen as 40 Ry, the electronic charge density was
chosen as 400 Ry, and the integration k-points in the
Brilloin region were chosen as 8x8x8. The smearing
parameter up to the Fermi surface was set as 0.02 Ry,
and the Methfessel-Paxton smearing technique was
used for the calculations [18]. Calculations for the
thermodynamic and elastic properties of the alloy
were performed with the Thermo_pw program using
the Debye model [19].

Hp=¢p
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3. Results and discussion
3.1. Structural features

The atoms of the LiRuAs SH alloy have an atomic
arrangement belonging to the F43 m space group.
Since the alloy has a SH structure, it has the general
formula XYZ. Atomic positions of the unit cell of the
alloy: (0, 0, 0, 0) for As atoms, (1/4, 1/4, 1/4, 1/4) for
Li atoms and (3/4, 3/4, 3/4, 3/4) for Ru atoms. Figure
1 shows the unit cell structure of the F43 m crystalline
LiRuAs SH alloy by using the Vesta programme.

Figure 1. Unit cell structure of LiRuAs SH alloy with
F43 m crystal arrangement.

A literature search on LiRuAs SH alloy
revealed that there are no experimental studies on the
alloy. To test the reliability of the results of the
calculations for the alloy, models for the possible
steady states of the alloy were created on the Open
Quantum Materials Database [20] website. All three
different atomic arrangements of the alloy are in the
F43 m space group. Calculations were made for the
alloy with these three different atomic arrangements,
and it was determined that the lowest energy state
could be the most stable state. All calculations were
performed based on the unit cell structure of this
alloy, as shown in Figure 1.

The optimized equilibrium state lattice
constant was calculated with the Quantum Espresso
program, where the total energy was a minimum of
a, = 5,601 A. This value is only 0.176% different
from the lattice constant value reported on The Open
Quantum Materials Database website, and the
reliability of the calculations was confirmed by the
agreement between the calculations and the values on
the website.

3.2. Electronic specifications

To understand the electronic and magnetic properties
of a material, elastic constants must be calculated, and
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electronic band curves must be plotted along the spin-
up and spin-down axes. In addition, density of states
(DOS) plots are plotted to better understand the
contribution of the atoms in the alloy to the
conductivity. Figure 2 shows the electronic band
curves obtained from calculations to understand the
electronic and magnetic properties of the LiRuAs SH
alloy.
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Figure 2. Electronic band graph of LiRuAs SH alloy.

According to the graph, the high symmetry
axes in the valence and conduction bands overlap in
the spin-up (1) and spin-down ({) directions, and the
curves in the conduction band cross the Fermi energy
level. The fact that the curves cross the Fermi energy
level helps us to understand that there is no forbidden
energy gap between the valence and conduction
bands; therefore, electrons can be exchanged between
both bands. This means that there is no forbidden
energy gap near the Fermi energy level, and therefore,
the alloy is a metallic conductor.

In addition, the fact that the curves coincide
on the spin-up and spin-down high-symmetry axes
allows us to understand that the alloy has a
nonmagnetic character, that is, the magnetic moment
is zero. Partial and total density of states (DOS)
curves of the alloy were plotted, and the plotted
curves are shown in Figure 3.
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Figure 3. Density of state (DOS) plot of LiRuAs SH
alloy.

According to the graph of the alloy, the most
dominant contribution to the electrical conductivity in
the spin-up and spin-down high symmetry
orientations comes from the 4d, 2p and 4p orbitals of
Ru, Li, As and Fe, respectively. The contributions of
the other elements in the alloy to the electronic
conductivity were found to be quite limited. The fact
that the DOS curves are symmetric allows us to
understand that the alloy does not have a magnetic
moment [21].

3.3. Elastic properties

To understand the elastic properties of a material,
several moduli and ratios, such as the bulk modulus
(B), Young's modulus (E), shear modulus (G), and
B/G ratio, should be calculated.

To make these calculations, it is necessary to
calculate the values of Ci1, Ci2 and Ca4, Which are
called elastic constants. By using elastic constants, we
can also understand whether the material is
mechanically stable according to the Born criteria.
For the material to be mechanically stable, the elastic
constants must meet the Born stability criteria given
in Equation 2 [22].

C1a>0; Cu- C12>0; Cuut 2C12>0 (2

Using the obtained elastic constants, the
moduli and ratios are calculated to understand certain
properties, such as the hardness, softness and
brittleness of the material. Table 1 shows the elastic
constants obtained from the calculations for the
LiRuAs SH alloy.
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Table 1. Calculated elastic constants for LiRuAs SH alloy
(Cll, Cp and C44; GP&)

Material Cn C Cus

LiRuAs 148.425 96.515 30.187

The equations that allow us to calculate the
moduli and ratios that help us understand some of the
elastic and physical properties of the alloy are given
below. All moduli and ratios given in Table 2 were
obtained using these equations [23].

2C
A= 44 (3)
Cll - ClZ
_1 E (4)
o=30-3p
2C,, + C
p =22 bn (5)
3
_ 9BG (6)
" 3B+6G
G = 5(C11 — 2C15)Cyy (7)

" 3(Cy1 —2Cyp) + Cyy

Table 2.Bulk modulus (B; GPa), shear modulus (G; GPa),
Young's modulus (E; GPa), B/G ratio, Poisson's ratio (o),
and anisotropy factor (A) were calculated for the LiRuAs

SH alloy.
Material B G E B/G o A
LiRuAs 113.8 284 787 401 0.385 1.16

The Alloy C;; — Cy, difference is positive.
This difference between the elastic constants is called
Cauchy Pressure. A positive Cauchy pressure allows
us to understand that the bonds in the alloy are
significantly ionic. In addition, a Poisson's ratio of
approximately 0.25 indicates that the bonds in the
alloy are significantly ionic [24]. The bulk moduli
calculated for the alloys are given in Table 2 C;, <
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B < C;4 and were calculated in the range of 100 GPa.
A bulk modulus greater than 100 GPa indicates that
the alloy has low compressibility. The larger the
Young's modulus is, the greater the hardness of the
material.

The Young's modulus calculated for the
LiRuAs SH alloy is less than 100 GPa, and
accordingly, the alloy is considered to be soft.

According to Pugh's criterion, the B/G ratio
provides information about the ductile or brittle
nature of materials. If the B/G ratio is greater than
1.75, the material is considered ductile, and if it is
smaller, it is considered brittle. The calculated B/G
ratio of 4.007 for the LiRuAs SH alloy allows us to
understand that the alloy has a ductile nature [25].

Anisotropy can be explained as the
directional dependence of some properties of a
material during forming. The calculated anisotropy
for the LiRuAs SH alloy is very slightly different
from 1. Since the anisotropy factor is different from
1, we were able to infer that the alloy is anisotropic;
that is, some physical properties of the alloy may
change depending on the forming. Nevertheless, we
believe that the fact that the anisotropy factor is very
close to 1 may limit the effect of forming on the
physical properties of the alloy during forming. The
direction dependence of the Young's modulus,
shear/shear modulus, Poisson's ratio and linear
compressibility were calculated using ELATE codes,
and their three-dimensional representations are given
in Figures 4, 5 and 6 [26].

Figure 4. Three dimensional representation of the
direction dependence of Young's modulus of LiRuAs
SH alloy obtained with the help of Elate codes.
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Figure 5. Three dimensional representation of the
direction dependence of the shear modulus of LiRuAs
SH alloy obtained with the help of Elate codes.

Figure 6. Three dimensional representation of the
direction dependence of the Poisson's ratio of LiRUAs
SH alloy obtained with Elate codes.

Figure 7. Three dimensional representation of
the direction dependence of the linear
compressibility of LiRuAs SH alloy obtained
using Elate codes.

3.4. Thermal Properties

The thermal properties of the LiRuA SH alloy were
investigated with the Thermo Pw program. The
Thermo Pw program is based on the Debye model in
its calculations. To understand the thermal properties
of the alloy, the vibration energy-temperature, free
vibration  energy-temperature, heat capacity-
temperature and entropy-temperature curves of the
alloy were plotted. The plots are given in Figures 8,
9,10 and 11.
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Figure 8. Vibration energy - Temperature plot of
LiRuAs SH alloy

The internal energy of solid materials that
receive heat increases. Increased internal energy is
expected to increase the vibration of atoms in the
material. In other words, the internal energy of a
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material whose temperature increases; therefore, the
vibration energy also increases. The correlation
between temperature and vibration energy is shown in
Figure 8. An increase in the temperature of a solid
material leads to an increase in its internal energy, and
an increase in internal energy leads to an increase in
the vibration energy of the material. An increase in
the vibrational energy of a material leads to a decrease
in its free vibrational energy. Figure 9 shows the free
vibration energy-temperature graph of the LiRuAs
SH alloy. The graph shows that the free vibration
energy decreases with temperature, as mentioned
above.
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Figure 9. Free vibration energy - Temperature graph

The heat capacity-temperature graph in
Figure 10 shows that the heat capacity of the alloy
increases up to a certain temperature limit and then
remains constant. This limit reached by the heat
capacity of the LiRuA alloy is the Dulong-Petit limit
[27]. The heat capacity of the alloy reached 3NR limit
values with increasing temperature, confirming our
expectation.
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Figure 10. Heat capacity - temperature graph
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As the temperature increases, the internal
energy and atomic vibrations in the material also
increase. This allows us to understand that the
disorder in the material, i.e., the entropy, also
increases with increasing temperature. Figure 11
shows the temperature-dependent graph of entropy.
As expected, this graph shows that the
disorder/entropy of a substance increases with
temperature. The Debye temperature, which is a
measure of the melting temperature of the alloy, was
calculated to be 281.186 K.
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Figure 11. Entropy-temperature graph

4. Conclusion and Suggestions

In this study, several properties of LiRuAs SH alloys
with F43 m space atomic arrangements were
investigated theoretically using DFT. A literature
search revealed that no experimental study of the
alloy has been reported. Since Heusler alloys are both
difficult and costly to obtain, it is important to
determine theoretically the promising materials in
areas such as spintronics and magnetoelectronic
applications before experimental studies. The
calculations for the alloy were performed with the
Quantum Espresso program using the DFT approach.

The steady-state lattice constant of the alloy
is ag = 5,601 A. The value of 5,601 A is in 99.824%
agreement with the lattice constant calculated for the
LiRuAs SH alloy on The Open Quantum Materials
Database website. To understand the electronic
properties of the alloy, electronic band curves and
total and partial density of states (DOS) curves were
plotted.

According to the information provided by
these curves, the alloy has a net magnetic moment of
zero and has a metallic conductive character. The
calculation of the elastic constants of the alloy
allowed us to make predictions about some of its
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structural and physical properties. When the elastic
constants were substituted for the Born stability
criterion, we realized that the alloy was mechanically
stable. Additionally, owing to the modulus and certain
ratios, such as the bulk modulus Young's modulus the
alloy was found to have low compressibility and a
soft, ductile and anisotropic nature. The Poisson's
ratio also showed that the atomic bonding in the alloy
is largely ionic bonding.

To understand the thermal properties of the
alloy, calculations were made in the Thermo Pw
program using the Debye model, and the variations in
the vibration energy, free vibration energy, heat
capacity and entropy values of the alloy with
temperature were examined. The Debye temperature
of the alloy was calculated to be 281.186 K. We
References

believe that the LiRuAs SH alloy may be particularly
useful for magnetic field shielding applications due to
its metallic conductive and nonmagnetic nature.
Although it is not desirable for the alloy to have zero
magnetic moment for spintronic devices, it is thought
that it can be used in applications that need magnetic
isolation.
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