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Abstract. In this study, structural, electronic, elastic and dynamic properties for LiInSi in the half-Heusler structure
were analysed with the generalized gradient approximation using the density functional theory. The results obtained
are compatible with the structural and electronic properties in literature. In addition to the results related to electronic
properties in literature, cohesive energy and formation energy values were calculated. These values were found to be
10.333 and -0.884 eV, respectively. Elastic constants, bulk, shear, Young’s moduli, Poisson’s coefficient and Zener
anisotropy factor values of LiInSi alloy were revealed. In addition, using linear phonon theory, phonon dispersion
curve and phonon density of states graph were obtained. It has been calculated that while the LiInSi alloy is
dynamically stable in the ground state, it becomes unstable under nearly 615 kbar pressure. Elastic and dynamic
properties are presented in literature for the first time. It is expected that these results will be a guide for future
studies.
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Introduction

The arrangement of half-Heusler alloy is XYZ, where X is
the transition metal or rare-earth metal, Y is the transition
metal and Z is the main-group element. Half-Heusler alloys
crystallize in the C1b structure with the space group F43m
[1]. Half-Heusler alloys composed by mutual penetration of
three fcc lattices of X, Y and Z atoms which occupy 4b(1/2,
1/2, 1/2), 4c(1/4, 1/4, 1/4) and 4a(0, 0, 0) Wyckoff positions, respectively [2]. The half-Heusler alloys consist of
[X]?n ions fully filled in a zinc-blende type [YZ]-n sublattice [3].
The number of valence electrons are directly related to
the electronic structure and some physical properties of
half-Heusler alloys. It was seen that 18-electron alloys
have closed shell structures, therefore they are non-magnetic and semiconducting materials. 17- and 19-electron
alloys undergo a Stoner instability to a ferromagnetic
ground state, and the 22-electron alloys are localized
moment ferromagnets [4]. Like 18-valence electrons, the
8-valence electrons are in a closed shell, so that most of
them are semiconductors [5] and they form a
stable ground state structure. In general, the half-Heusler
materials with 8-valence electrons can be found in one of
the types such as: I–I–VI, I–II–V, I–III–IV, II–II–IV type
[1]. Kandpal and coworkers [4] examined the bond

structures and band gaps in 8- and 18-electron halfHeusler alloys theoretically using first-principles
calculations.
The half-Heusler alloys have a wide temperature stability
[1,3], flexible composition and tunable band gaps [6,7] and
most half-Heusler alloys are used in a variety of application
areas, such as topological insulators, spintronic devices [1],
magnets, photovoltaics [7], optoelectronic devices [1,2] and
also thermoelectric applications [3,6,7] with high-performance. So, these alloys with numerous beneficial properties
have attracted the interests of many researches. Groot et al
[8] studied the ferromagnetic behaviours of half-Heusler
alloys. Roy et al [9] tested the insulating character and
calculated structural, dielectric and piezoelectric properties
of several half-Heuslers within LiInSi alloy. Jung and colleagues [10] have examined the non-magnetic band structures of several half-Heusler alloys with different number of
valence electrons.
In the half-Heusler alloys, the Li-based ones are
important for the development of negative electrodes for
lithium batteries [11], the lithium increases polar bonding
component [12]. When metallic elements added to Li–Al
or Li–Si binaries, the electrochemical properties of lithium
batteries can be enhanced [11]. Wood et al [13] showed
that the energy gaps of Li-based half-Heusler alloys are
around 1 eV. Casper et al [3] showed that the band gap of
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the LiYZ alloys is related to the electronegativity difference between the Y and Z elements. When the electronegativity difference in the zinc-blende sublattice is
increased, the band gap becomes wider and bands become
narrower. Yadav and Sanyal [14] investigated the thermoelectric properties of LiYZ (Y = Be, Mg, Zn, Cd and Z
= N, P, As, Sb, Bi) alloys within 8-valence electrons.
Electronic, magnetic and stability properties of halfHeusler b-LiMnN, b-LiMnP and b-LiMnSi alloys were
investigated by Damewood et al [15]. Hussain [16]
declared the electronic and magnetic properties of the
(001) surface LiCrS and LiCrSe half-Heusler compounds
based on the calculations of the first principles. Ciftci and
Evecen [17] calculated mechanical, structural, electronic,
optical and dynamic properties for half-Heusler LiScSi
under pressure via density functional theory (DFT). Zhao
et al [18] computed structural, electronic and magnetic
properties of half-Heusler LiCaGe, LiSrGe and LiBaGe,
and demonstrated that all the alloys are stable in the cubic
phase. Benazouzi et al [19] examined electronic and
thermoelectric properties of half-Heusler LiSrN, LiSrP,
LiSrAs with DFT. Gruhn [5] have investigated a huge
number of 8-electron half-Heusler materials within the
lithium and indium elements, such as LiInM (M = Ge, Pb,
Si, Sn) for optoelectronic applications. Then, Kacimi et al
[6] have investigated I–II–V and I–III–IV type halfHeuslers within LiInSi alloy again for optoelectronic
applications by calculating the optical properties using the
DFT.
Here, we focussed on a Li-based 8-electron halfHeusler alloy, LiInSi, either because as mentioned above,
it has a wide application areas, such as optoelectronics,
lithium batteries, photovoltaics, etc. or it is stable and it
can be synthesized easily. LiInSi is a new discovered
half-Heusler alloy [7] and its stability property alone is
studied so far [7] and other physical properties have not
been studied. Because of these reasons, we aimed to
study and bring the physical properties of LiInSi alloy to
the literature. We investigated the structural, electronic,
dynamic and elastic properties of LiInSi alloy. To evaluate LiInSi alloy with respect to optoelectronic usage, we
investigated its electronic properties, and meanwhile to
gain information about its thermodynamic properties, such
as thermodynamic stability, thermal conductivity, etc. we
studied the phonon structure of LiInSi alloy. We have
found that LiInSi is dynamically stable alloy in the
ground state, but we also investigated the minimum
pressure value that makes LiInSi dynamically unstable, as
discussed in the ‘Results and discussion’ section of this
paper. Also, we performed a factor group analysis and we
obtained the irreducible representation of C. After all, we
investigated the elastic properties by calculating the
stiffness elastic constants, bulk, shear, Young’s moduli,
Poisson’s coefficients and Zener anisotropy factor of
LiInSi alloy.
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Computational details

The structural, electronic and dynamic calculations have
been carried out using the Quantum Espresso [20], and
elastic properties have been investigated using ABINIT [21]
simulation programmes. Using the Perdew–Burke ultrasoft
[22] pseudopotensities based on the generalized gradient
approximation (GGA) [23], exchange and correlation
energy were taken into account for both programmes. Wave
functions were expanded on the basis of plane waves with a
kinetic energy cut-off value of 90 Ry for Quantum Espresso
and 80 Ry for ABINIT. Electronic charge density was taken
into stature up to 360 Ry of kinetic energy cut-off. Using
Monkhorst and Pack [24], a 14 9 14 9 14 mesh of k-points
for Quantum Espresso and 12 9 12 9 12 mesh of k-points
for ABINIT have been utilized for the Brillouin zone. The
Li 2s1, In 4d105s25p1 and Si 3s23p2 electrons are treated as
electronic configurations. After solving the self-consistent
Kohn Sham equations [25], lattice dynamic properties were
calculated by density functional perturbation theory. To
obtain the phonon distribution curves and the phonon density of the states (DOS), all dynamic matrices were calculated on the 4 9 4 9 4 q-point set. It has been tried to ensure
the accuracy of the calculations by taking the average fault
value of the energy \1.0 9 10-8 Ry. All calculations were
performed without taking spin-orbit interactions into
account. In addition, the half-Heusler structured LiInSi
crystal was visualized by the Xcrysden software package
[26].

3.

Results and discussion

Examination of the LiInSi alloy first started with the
investigation of the structural properties. First of all, equilibrium lattice parameters were determined by calculating
total energy values corresponding to different values of
lattice parameters. Total energy calculations in 12 different
volumes were performed to find the ground state volume of
the investigated half-Heusler LiInSi alloy. The total energy
for the volume values were fitted into the Vinet equation
[27]. With this fit procedure, lattice parameter, bulk modulus and the pressure variant of the bulk modulus were
calculated. All these values calculated for half-Heusler
LiInSi alloy are given in table 1. The calculated lattice

Table 1. Some structural parameters for half-Heusler LiInSi
alloy at equilibrium volume.

LiInSi

Present work
Ref. [6]
Ref. [16]

a (Å)

B (GPa)

B0 0

6.084
6.281
6.272

46.30
—
—

4.643
—
—
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parameter is in good agreement with the theoretical result,
but there is no experimental result for comparing lattice
parameters. Additionally, figure 1 shows design of the
crystal structure of half-Heusler LiInSi alloy.
In the second phase of this study, electronic properties of
LiInSi alloy were investigated. The electronic band structure throughout the C-X-W-L-C-K-W-U high symmetry
points in the first Brilliouin region was calculated. Electronic band graph calculated for the half-Heusler LiInSi
alloy is plotted in figure 2. From the electronic band graph
of the half-Heusler LiInSi alloy, it can be seen that this alloy
has a band gap of nearly 0.1 eV. It can be stated that the
conductive bands of LiInSi alloy are between 0.13 and
nearly 14.44 eV and valence bands are between 0 and
nearly -10.96 eV.
Then, we computed and plotted the DOS graph for the
LiInSi alloy as seen in figure 3. Also from the DOS graph,
the band gap is calculated as nearly 0.1 eV and the contribution of the conductive and valence bands are compatible with the electronic band structure graph (figure 2) of
LiInSi alloy. In figure 3, we have also showed the Fermi
energy level which was adjusted to 0 eV.
After calculating the electronic band gap of the LiInSi
alloy, the cohesive and formation energies were calculated.
Because when the alloy needs to be produced artificially,
this energy value is taken into account. The cohesive energy
(ECoh ) and formation energy (DHÞ calculation procedure are
as follows [28]:
In
Si
LiInSi
ECoh ¼ ELi
atom þ E atom þ E atom  E total :

Here, ELiInSi
total is the total energy of the half-Heusler LiInSi
In
Si
alloy and ELi
atom ; E atom ; Eatom are the total energy of the
isolated atomic components.
Li
In
Si
DH ¼ ELiInSi
total  E bulk  E bulk  Ebulk :

Here, Ebulk is the total energies of the Li, In and Si atom
in bulk. A negative formation energy of a crystal means that

Figure 1.
alloy.

Design of the crystal structure of half-Heusler LiInSi
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Figure 2. Electronic band structure for half-Heusler LiInSi alloy
in the ground state.

crystal can be easily synthesized [29]. The negative value of
the formation energy of the LiInSi crystal indicates the
synthesizability of this crystal. The positive value of the
cohesive energy is an indicator of the stability of the crystal
[30]. Since the cohesive energy value of the LiInSi crystal is
positive, the LiInSi crystal is stable. This result is in
agreement with the other properties investigated for the
LiInSi crystal. The cohesive and formation energies of the
half-Heusler LiInSi alloy are listed in table 2.
After electronic properties, we investigated the dynamic
properties of LiInSi alloy by calculating the phonon frequencies with respect to the k points including C, X, W, L,
C, K, W, U high symmetry points and plotting the phonon
dispersion curve, phonon DOS graph. We also get the
irreducible representation of C for the LiInSi alloy by
making a factor analysis.
LiInSi alloy has three atoms in its unit cell and hence,
nine phonon modes should appear. As seen from figure 4,
there are nine phonon modes, three of them are acoustic
modes and six of them are optic modes. Acoustic modes are
located between 0 and 76.56 cm-1 frequency values. Two
of the three acoustic modes are transverse acoustic (TA)
modes, and the other acoustic mode is longitudional
acoustic (LA) mode. Transverse modes occur at smaller
frequencies. In figure 4, the TA modes are degenerated
along nearly all high symmetry points. Also, the TA modes
and LA modes degenerate around X, W, K and U high
symmetry points. If we look at the optic modes, the ones
with smaller frequency are presented at around 141.49 and
335.19 cm-1 frequency values and the ones with higher
frequency values are presented at around 594.91 and 671.69
cm-1 frequency values. Four of the six optic modes are
transverse optic (TO) modes and two of them are longitudional optic (LO) modes. In the first group of optic modes
(between 141.49 and 335.19 cm-1), TO modes are degenerated between C and X, and between L and C high
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Figure 3. Density of states (DOS) graph for half-Heusler LiInSi alloy in the
ground state.
Table 2.
atom-1).

LiInSi

Calculated formation (eV) and cohesive energies (eV
DH

ECoh

*–0.884

*10.333

Figure 5. Phonon density of states for half-Heusler LiInSi alloy
in the ground state.

Figure 4. Phonon dispersion curve for half-Heusler LiInSi alloy
in the ground state.

symmetry points. LO is not degenerated with TO modes in
this group of optic modes. In the other optic mode group
(594.91 and 671.69 cm-1), again TO modes are degenerated
almost throughout all high symmetry points. But, the LO
mode is not degenerated when TO modes are present. When
the degeneracy of the phonon modes increases, the symmetry properties of the directions of the high symmetry
points increase which means the symmetry property of that

alloy increases. The degeneracy of the phonon modes of
LiInSi alloy is very high so, it can be noticed that the
symmetry properties of this alloy is very high. The intervals
of acoustic and optic phonon modes can also be seen from
figure 5, the phonon DOS graph. The contribution of the
acoustic modes to the phonon DOS are more than optic
modes.
TA modes also give information about the thermal conduction of an alloy. If there is no scattering in the TA
modes, the thermal conductivity would be high for that
alloy. The scattering can occur if the TO modes degenerate
or interfuse with the TA modes. If the frequency values of
the TO modes are smaller than the TA modes then, scattering of TA modes can occur. If scattering occurs, the
thermal conductivity will decrease or will be low for that
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Phonon dispersion curve for half-Heusler LiInSi alloy under 300.21 and 400.62 kbar pressure.

alloy [31]. For LiInSi as seen from figure 4, the TO and TA
modes do not interfuse, so, the thermal conductivity of this
alloy is high.
We also made a factor group analysis to get the irreducible representation of C of LiInSi alloy using computer
programme called as ‘VIBRATE!’ that uses group theory.
The symmetry species of the normal modes of vibration are
derived with information relating to the symmetry [32]. The
space group of LiInSi alloy is Td2 (-43m). The symmetry
species of normal modes of vibration for this space group
are A1, A2, E, T1 and T2. We obtained the decomposition of
whole representation of C of LiInSi alloy into irreducible,
representation occurred only with T2 species as:
C ¼ Cacoustic þ Coptic
The symmetry of acoustic modes (Cacoustic) is T2 and the
symmetry of optic modes (Coptic) is 2T2. The whole representation of C is equal to 3T2. All optic modes (2T2) are
infrared (IR), Raman and hyper-Raman active. The Raman
active modes bring out a modification in the local polarizability. The infrared (IR) active modes lead to a modification in the local dipole moment. The hyper-Raman active
modes are aberration on Raman spectroscopy in which the
aim is to perform a stimulation to a particular energy level
in the destination molecule of the sample which is a type of
fluorescence.
Phonon dispersion curves also give information about the
dynamical stability of an alloy. If a material has no negative
phonon modes (imaginary modes) then, that material is said
to be a dynamically stable material. All phonon modes of
LiInSi are positive so, we can conclude that LiInSi is a
dynamically stable alloy in the ground state (figures 4 and
5). Dynamically stable means that the crystal structure is
decisive, since the net force on the atoms of that alloy is
equal to zero, in other words, there is no force on atoms of a

crystal. In this study, we also searched the pressure value
that makes LiInSi dynamically unstable when exerted on
LiInSi alloy. We performed many calculations for several
pressure values step by step up to 615.15 kbar that made
LiInSi dynamically unstable. Firstly, these pressure values
were changed between 0 and 700 kbar in the first place with
100 kbar intervals. Then, calculations were made at more
frequent intervals for values close to the pressure value
where negative values were seen. Finally, the pressure at
which the first negative phonon frequency value appears
was tried to be calculated. Figure 6 shows the phonon dispersion curves obtained for 300 and 400 kbar pressure
values. Phonon distribution curves take positive values
along the high symmetry points at both pressure values. In
other words, LiInSi alloy maintains its dynamically balanced state. If one examines the phonon dispersion curve
under 615.15 kbar pressure (figures 7 and 8), the negative
values of the phonon modes can be seen. At 615.15 kbar
and higher-pressure values, the net force on the atoms of
LiInSi alloys becomes different from zero, i.e., a net force
occurs and the structure of LiInSi becomes unstable, its
crystal structure breaks down. For the 615.15 kbar and
higher-pressure values, negative phonon modes occur.
Figure 8 also shows the phonon DOS graph under pressure value of 615.15 kbar. Also from this figure, the negative values of phonon frequencies can be seen. Since 615.15
is very high pressure value to exert on a material, we can
conclude that LiInSi is a very steady alloy. To see what
happens to LiInSi alloy when such a pressure was exerted,
we also investigated the elastic properties of LiInSi alloy.
To identify the elastic properties of LiInSi, we calculated
the elastic stiffness (Cij) constants by DFT within the GGA
using ABINIT program. Actually, elastic stiffness constants
are rank = 4 tensors (Cklmn), but using matrix notation, they
can be shown as Cij and the number of their components
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Phonon dispersion curve for half-Heusler LiInSi alloy under 615.15 kbar pressure.

Table 3.

LiInSi

Values of elastic stiffnes constants of LiInSi alloy.
C11 (GPa)

C12 (GPa)

C44 (GPa)

59.855

34.366

42.013

LiInSi are given in table 3. These elastic stiffness constants
must also obey Born stability criteria for a mechanically
stable material [34]. For cubic structure, these criteria are
C11  C12 [ 0; C11 þ 2C12 [ 0; C44 [ 0:

Figure 8. Density of states for half-Heusler LiInSi alloy under
615.15 kbar pressure.

decreases from 81 to 36 [33]. LiInSi is a cubic alloy so,
because of symmetry properties of cubic structures, the
number of dependent components becomes nine (C11 = C22
= C33, C44 = C55 = C66 and C12 = C13 = C23) and number of
independent components becomes three i.e., C11, C12 and
C44. The values of independent elastic stiffness constants of

LiInSi alloy is mechanically stable since it satisfies these
criteria.
Subsequently, by using the calculated elastic stiffness
constants, we calculated the Voight, Reuss and Hill bulk
moduli (B) and Voight, Reuss and Hill shear moduli (G),
Young’s module (E), Poisson’s coefficients ðmÞ and Zener
anisotropy factor (A) of LiInSi alloy. All these results are
given in table 4. The bulk modulus calculated in structural
properties (46.30) and elastic properties (42.86) sections are
very close to each other.
The flexibility coefficient is the ratio of bulk and shear
moduli (K) which gives the fragility of a material. The
smaller values of flexibility coefficient\1.75, correspond to
fragile materials. Our calculated value of flexibility constant
is 1.64 which is \1.75, therefore LiInSi is not an elastic
alloy, it is fragile. Poisson ratio also gives information about
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Values of some elastic features of LiInSi alloy.

Elastic property of LiInSi alloy
Voight bulk modulus
Reuss bulk modulus
Bulk modulus VRH average
Voight shear modulus
Reuss shear modulus
Shear modulus VRH average
Young’s modulus
Poisson ratio
Flexibility coefficient
Zener anisotropy factor

Symbol (unit)

Values

BV (GPa)
BR (GPa)
BVRH (GPa)
GV (GPa)
GR (GPa)
GVRH (GPa)
E (GPa)
v (–)
K = BVRH/GVRH (–)
A (–)

42.86
42.86
42.86
30.31
21.89
26.10
65.09
0.25
1.64
3.3

the fragile property of a material. If Poisson ratio is \0.3,
the material is said to be fragile. Our calculated Poisson
ratio is 0.25, \ 0.3 which also shows that the material is
fragile. The calculated value of the Zener anisotropy factor
(A) is 3.3 which shows that LiInSi is an anisotropic alloy.

4.

Conclusion

We examined some physical properties of LiInSi alloy, such
as structural, electronic, dynamic and elastic properties
using DFT within the GGA. Except for the investigation of
elastic properties, we used Quantum Espresso, for elastic
properties, we used ABINIT computer programme. We
calculated and compared the lattice parameter values with
the literature which is in a good agreement. We computed
the cohesive and formation energies of LiInSi and found a
positive cohesive energy which points that LiInSi is a
stable alloy. While examining the electronic properties, it
was found that LiInSi is a semiconductor with a band gap
value of nearly 0.1 eV. Then, we investigated the phonon
dispersion curves and the phonon DOS graphs and noticed
that LiInSi is dynamically stable in the ground state and we
found the pressure value that makes LiInSi dynamically
unstable when exerted on it which is equal to 615.15 kbar.
From the phonon dispersion curves. it is clear that LiInSi is
very good thermal conductor. We also found the irreducible
representation of C by making a factor group analysis.
Eventually, we studied on the elastic properties and computed
the main constants of elasticity. We comprehended that LiInSi
is a fragile material. We believe that this detailed study on
LiInSi half-Heusler alloy will set light to future studies.
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