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Abstract: The structural, electronic, optic, elastic and dynamic features of LiAgSe
half-Heusler structure are studied by using first principle calculations. LiAgSe
half-Heusler compound is examined with the Generalized Gradient
Approximation using the Density Functional Theory. The Quantum Espresso
simulation program is preferred to investigate its structural, electronic and
dynamic features. The ABINIT simulation program is preferred to investigate its
elastic and optic properties. The electronic band structure graph of the LiAgSe
crystal formed as a result of the calculation shows that this crystal has a semi-
metallic structure. Optic properties such as, complex dielectric constant, extinction
coefficient, reflectivity, for the volume of LiAgSe are calculated and plotted. In
this study, elastic constants, Poisson's ratio and Debye Temperature values of
LiAgSe half-Heusler crystal are determined. Apart from these, phonon dispersion
curve graph is obtained. It has been calculated that the LiAgSe half-Heusler crystal
is not dynamically stable in the ground state. However, when applied a pressure
under nearly 16.396 GPa the crystal becomes stable.

Yogunluk Fonksiyonel Teorisi Araciligiyla Yari-Heusler Bilesigi LiAgSe'nin Yapisal
Elektronik Optik Elastik ve Fonon Ozelliklerinin Tahmin Edilmesine iliskin Ongoriiler
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Anahtar Kelimeler
Dinamik ozellikler,
Elastik ozellikler,
Heusler kristal

Oz: LiAgSe yari-Heusler yapisinin yapisal, elektronik, optik, elastik ve dinamik
Ozellikleri ilk prensip hesaplamalari ile incelenmistir. LiAgSe yari-Heusler
bilesigi, Yogunluk Fonksiyonel Teorisi kullanilarak Genellestirilmis Gradient
Yaklagimi ile incelendi. Yapisal, elektronik ve dinamik 6zelliklerini aragtirmak
icin Quantum Espresso simiilasyon programi, elastik ve optik ozelliklerini
aragtirmak i¢in ise ABINIT simiilasyon programi tercih edilmistir. Hesaplama
sonucunda olugan LiAgSe kristalinin elektronik bant yapist grafigi, bu kristalin
yarl metalik bir yapiya sahip oldugunu gostermektedir. LiAgSe hacmi i¢in
kompleks dielektrik sabiti, extinction katsayisi, reflectivity, gibi optik 6zellikler
hesapland1 ve g¢izildi. Bu ¢aliyjmada, yogunluk fonksiyonel teorisi kullanilarak,
LiAgSe yari-Heusler kristalinin elastik sabitleri bulk, Poisson oran1 ve Debye
Sicaklik degerleri belirlendi. Bu 6zelliklerin disinda fonon dagilim egrisi LiAgSe
yari-Heusler kristalinin temel durumda dinamik olarak kararli olmadigi, yaklasik
16.396 GPa basing altinda kararl bir sekilde doniistiigii hesaplanmustir.
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1. Introduction

The discovery of Heusler compounds (Heusler, 1903) has had a significant impact on the
development of new technological devices. When the studies in the literature are examined, Heusler
compounds showing metal, semimetal or semiconductor properties can be found (Chiou et al., 2004;
Erden Gulebaglan & Kilit Dogan, 2021a; Hadj et al., 2020; Kandpal et al., 2007; Huang et al., 2016;
Zhang et al., 2020; Erden Gulebaglan & Kilit Dogan, 2021b; Abdullah et al., 2021; Asli et al., 2021,
Kilit Dogan& Erden Gulebaglan, 2022). Half-Heusler compounds are structures that have the general
formula XYZ. In general, X and Y elements in the formation of these structures are known as transition
metals, and the Z element is known as the main group element (Graf et al., 2010). These structures are
especially used in the production of power generation devices, thermoelectric devices and solid-state
refrigerators (Riffat & Ma, 2003; Bell, 2008). Half-Heusler compounds are used in many fields such as
topological insulators (Lin, 2010), superconductors (Benndorf et al., 2015; Winterlik et al., 2009),
piezoelectric semiconductors, and thin-film solar cells, due to their wide variety of chemical
compositions (Kacimi et al., 2014; Yang et al., 2017; Yin et al., 2019). There are studies in the literature
that half-heusler compounds are also suitable materials for spintronic applications (de Groot et al., 1983;
Zuti et al., 2004; Boeck et al., 2002). Thermoelectric materials are used in order to save heat in exhaust
and industrial systems (Yang & Stabler, 2009). The stability of Half-Heusler compounds at high
temperatures makes them attractive materials for thermoelectric applications (Hassan & Ur, 2020). Fang
et al. (2018) suggested that half-Heusler compounds with 8 or 18 valence electrons are candidates for
thermoelectric applications due to their electrical properties, thermal stability and mechanical flexibility
at high temperatures. Jia et al. (2021) investigated the thermoelectric properties of the CuLiX half-
Heusler crystal with the deformation potential theory and semi-classical Boltzman theory. When the
studies in the literature are analyzed, can be seen many studies investigating the properties of half-
Heusler compounds and alloys containing lithium or silver or selenium. Zhang et al. (2003) computed
the structural, electronic properties and spin magnetic moments of NiCrM (M=P, As, Sh, S, Se and Te)
half-Heusler alloys. Ma et al. (2010) calculated the electronic and optical properties of LiGaS; and
LiGaSe; crystals in orthorhombic phase using density functional theory. Wang et al. (2017) investigated
the magnetic moments as well as the structural and electronic properties of LiCrZ (Z=S, Se, Te) alloys
with the help of density functional theory. Ozdemir and Merdan (2019), using density functional theory
and Generalized Gradient Approach, MnZrIn, MnZrTl, MnZrC, MnZrSi, MnZrGe, MnZrSn, MnZrPb,
MnZrSe etc. explained the electronic, magnetic and elastic properties of half-Heusler compounds. Zang
and Xu (2020) developed the Gauss process regression model and estimated the lattice constants of
many half-Heusler compounds. Dmytriv et al. (2011) investigated the LiAuzln and LioesAuUo.oslnos
crystals experimentally and determined the crystal structure properties of these structures, namely their
atomic parameters and Wyckoff positions. Casper et al. (2009) stated that in LiGaGe half-Heusler
compound, GaGe hexagonal layers can become semiconductor depending on the degree of shrinkage.
Hussain (Hussain, 2018) analyzed the magnetic and electronic properties of newly (001) surfaced
LiCrSe and LiCrS half-Heusler crystals using density functional theory. Telfah et al. (2021) declared
the electronic structures, magnetic and thermoelectric properties of KCrS, KCrSe and KCrTe half-
Heusler crystals. Berger and Weiss (1988) investigated the crystal properties of Ag-Mg-RE (RE= La,
Ce, Pr, Nd, Sm) Heusler phase crystals experimentally. Jolayemi et al. (2021) determined the
thermoelectric properties of LiAlISi crystal using Boltzmann transport theory and density functional
theory. Kilit Dogan and Erden Gulebaglan (2021) analyzed and declared the electronic, elastic and
dynamic properties of LilnSi crystal using density functional theory.

The aim of this study is to obtain information about the structural, electronic, optic, elastic and
dynamic properties of the LiAgSe crystal before it is synthesized in the laboratory. The first goal of the
study was to determine the structural and electronic properties of the LiAgSe Heusler compound. As a
second step, the analysis of the optic, elastic and dynamic properties of the LiAgSe compound was
performed. To date, no study has been found showing that comprehensive research has been done on
the LiAgSe crystal. For this reason, the results obtained for the LiAgSe half-heusler compound will
contribute to the literature for the first time.
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2. Material and Methods

Although it has not been synthesized in a laboratory yet, many of the physical properties of a
crystal structure can be studied by a simulation. The results obtained are predictions for the researchers
before their experimental studies. This provides advantages relevant to cost and time. Two of these
simulation programs are the Quantum Espresso (PWSCF) (Giannozzi et al., 2009) simulation package
program and the ABINIT (Gonze et al., 2002) program. The structural, electronic and dynamic
properties of the LiAgSe half-heusler crystal were calculated with the Quantum Espresso program, while
the elastic and optic properties were examined with the ABINIT program. The Quantum Espresso and
ABINIT programs are based on the density functional theory and the properties of the LiAgSe crystal
were calculated using the Generalized Gradient Aproximation (Perdew & Zunger, 1981). In the
Generalized Gradient Approximation, the exchange correlation interaction was expressed in the
calculations with the help of the Perdew Burke Ernzerhof (Perdew et al., 1997) function. With a cutoff
energy of 100 Ry (for both simulation programmes), the plane wave expansion of the Kohn-Sham (1965)
wave functions was limited. For charge density, this value was taken as 400 Ry. When examining all
the properties of the LiAgSe half Heusler compound, the Brillouin region was represented by the
Monkhorst-Pack (1976) as a 14x14x14 k-point. The valence electrons for the LiAgSe unit cell are 2s*
of Li, 4d'° 5s' of Ag, 3d'°4s? 4p* of Se. The dynamic properties of the LiAgSe half-Heusler compound
were investigated by Linear-Response method. Dynamic matrices were determined by using Brillouin
region 4x4x4 g-points in the calculation of dynamic properties. Spin-orbit interaction was not taken into
account in all calculated properties of the LiAgSe half-Heusler compound.

3. Results

In this study, initially, the structural properties of the LiAgSe compound with the space group
F43m (No:216) were explored. The coordinates of the three atoms that composed the LiAgSe half-
Heusler compound are 0.25, 0.25, 0.25 (Li), 0.50, 0.50,0.50 (Ag) and 0.00, 0.00, 0.00 (Se). The Vesta
program was used to envision the LiAgSe half-Heusler compound. The crystal structure of the LiAgSe
compound was demonstrated in Figure 1. As seen from Figure 1, there are bonds between Li-Ag, Ag-
Se and Li-Se atoms. The bond lengths are calculated and given in Table 1.
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Figure 1. Representation of the crystal structure of Half-Heusler LiAgSe compound.
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Table 1. The bonds and bond lengths for the LiAgSe compound

Bonds Bond Lengths (A)
Li-Ag 263
Ag-Se 3.04
Li-Se 2.63

After the cutoff energy test and the k-point value test for LiAgSe half-Heusler compound,
ground state energy values were determined against different volume values. These values were fitted
to the Vinet (1986) equation and the lattice constant of the LiAgSe half-Heusler compound was
calculated. The lattice parameter value for the LiAgSe half-Heusler compound was computed as aciagse
=6.09 A in this study. The calculated lattice parameter value of the LiAgSe crystal is in good agreement
with the previous result (Jain et al., 2013). Gruhn (2010) found the lattice constant of LiAgSe crystal in
half Heusler structure to be 6.259 A. Lekhal et al. (2016) suggested that cubic XYZ compounds with
C1b structure crystallize in space group F43m (No:216) in zincblende structure type with close cubic
cell parameters of 6.0 A. The calculated lattice parameter value with the suggestion of Lekhal et al.
(2016) was consistent. Electronic band structure was figured out by using the computed lattice parameter
value for LiAgSe half Heusler compound. Figure 2 shows the electronic band structure of LiAgSe half-
Heusler compound.
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Figure 2. Electronic band structure for half-Heusler LiAgSe.

The electronic band structure of LiAgSe is plotted along for some high symmetry points which
are given in Figure 2 at zero Kelvin. LiAgSe crystal shows semi-metals properties. It has been concluded
that the lowest level of the conductivity band and the highest level of the valence band are intervened at
a value of approximately - 0.1 eV. The region where this interlocking takes place is between the X high
symmetry point and the W-L high symmetry points. Afterwards, the total and partial densities of the
states given in Figure 3 were calculated and plotted. Figure 3(a) shows the contributions of Li atoms to
the density of states. These contributions mainly originate from the conduction bands with p states but
there are slight contributions from s and d states also from valence bands. The contribution of Ag atom
is just from the valence bands with d states. The contribution of Se atom is mainly from the core electrons
with s states and a small contribution is from valence bands with p states.
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Figure 3. Partial density of states of (a) Li, (b) Ag, (c) Se atoms and (d) Total density of states of LiAgSe
compound.
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Figure 4. (a) Real and (b) Imaginary part of complex dielectric function of LiAgSe.

In the literature, there are studies examining the optical properties of materials with semimetal
properties (Rahman Rano et al., 2020; Homes et al., 2015). Our next aim was to compute the optic
properties of LiAgSe compound. Therefore, the real (1) and complex (g2) parts of the dielectric function
were calculated and plotted (Figure 4). The complex part of the dielectric function was calculated first,
and the real part could be calculated by using the complex part of the dielectric function by using the
Kramers-Kronig equations. Figure 4 (a) shows that between 3.68 and 16.84 eV values except for the
two peak points at 7.09 eV and 7.99 eV the real part takes negative values. This negative part shows the
reflection of the light. This range is also consistent with the reflection graph of the LiAgSe compound
given in Figure 5 (c). The two peak points mentioned above correspond to the minimum points of the
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reflection graph with the same energy values refer to the plasmon excitations. The other energy values
for the plasmon excitations are 3.68 eV and 16.84 eV. In other words at the energy values at which the
real part of the dielectric function takes zero value, plasmon excitations occur. The static dielectric
constant (gg) is the value of the real part with zero energy which is equal to 9.39 for the LiAgSe
compound. The complex part of the dielectric function gives information about the electron transitions
around the band gap. In addition, extinction coefficient, refractive index, reflectivity, effective number
of valence electrons per unit cell, absorption and energy loss functions were calculated and plotted for
LiAgSe volume (Figure 5). The static refractive index, n (0) is calculated as 3.06 for the LiAgSe
compound from Figure5 (a). Nert is also related to the transition between the bands. Since the N value
saturates after 16 eV, no transitions can be observed between the bands with the values bigger than 16
eV as shown in Figure 5(d). The absorption coefficient (a) (Figure 5e) is also in good agreement with
the other optic properties calculated in this study.
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Figure 5. (a) Refractive index, (b) Extinction coefficient, (c) Reflectivity, (d) Effective number of
valence electrons per unit cell, (e) Absorption and (f) Energy loss function for the volume of
LiAgSe.

The energy loss function for volume, Ly, refers to the missing energy of a transition electron.
From the first Ly values (which are different from zero) to the peak value are related to the plasma

55



YYU J INAS 27 (1): 50-63
Erden Gulebaglan / Insights into the Structural, Electronic, Optic, Elastic, and Phonon Properties of Half-Heusler Compound LiAgSe via Density Functional Theory

oscillations. These values are around 3 to 16 eV which is consistent with the negative value portion of
the real part of the dielectric function.

In order to examine the elastic properties of the LiAgSe semi-Heusler compound, elastic
stiffness (Cj;) constants were calculated using the density functional theory through the general gradient
approximation with the help of the ABINIT program. It is a tensor (Cumn) Whose elastic stiffness
constants are of rank=4. This tensor can be represented as Cj; using matrix notation and the number of
components of the tensor is reduced from 81 to 36 (Nye, 1995). The LiAgSe half-Heusler compound
has a cubic structure. Due to the symmetrical property of cubic structures, the number of dependent
components is 12. These dependent variables are Ci11=C2»=Cs;, Cu=Css=Ces and
C12=C13=C1=C23=C31=C3,. Also the number of independent components is 3. These parameters are Cia,
Ci12, and Cas. The values of the independent elastic stiffness constants of LiAgSe half-Heusler are given
in Table 2. For a mechanically stable material, the Innate Stability Criteria (Mouhat and Coudert, 2014)
and the elastic stiffness constants must comply. These criteria for cubic structure are given below
(equationl).

C11>0, C12<B<Cy; and Cs>0 1)

Here B is the Bulk modulus. The LiAgSe half-Heusler is mechanically stable since it satisfies the Innate
Stability Criteria.

Table 2. The values of elastic stiffness constants of LiAgSe half-Heusler compound

LiAgSe C1u1 (GPa) C12(GPa) Cas (GPa)
Ground state
(P=0 kbar) 42.57 44.16 26.18

Bulk modulus (B), Shear Modulus (G) values were calculated by Voigt (Voigt, 1889), Reuss
(Reuss, 1929) and Hill (Hill, 1966) approximations. Based on these calculated values, Young's modulus
(E), Poisson ratio and Debye Temperature values were obtained. These calculations were made with
elastic stiffness constants. All the results obtained are given in Table 3.

Table 3. Values of some elastic features of LiAgSe half-Heusler compound

Elastic Properties of LiAgSe Symbol (unit) Values
Bulk Modulus Bv (GPa) 43.63
Shear Modulus Gv (GPa) 15.39
Young Modulus E (GPa) 19.01
Poisson Ratio v(-) 0.43
Debye Temperature ©p 45.79

Bulk modulus is a property of a material indicating its degree of resistance to compression. A
material's high modulus of bulk means that it has high resistance to compression. The low bulk modulus
indicates that it can be compressed easily. It was calculated that the LiAgSe crystal whose properties
were examined has a not very high bulk modulus value. This means that the LiAgSe crystal can be easily
compressed.

If the value of the Poisson’s ratio is less than 0.26, it is said that this material is fragile. The
calculated Poisson’s ratio is obtained as 0.43, which is greater than 0.26. This result gives the
information shows that the LiAgSe half-Heulser compound has a very elastic structure. By calculating
the Debye temperature of a crystal, information about the thermal conductivity of that crystal can be
obtained. Briefly, Debye temperature values are related to the thermal conductivity property of a
material. Based on the literature, it can be said that materials with good thermal conductivity are crystal
structures with Debye temperatures above 80 K (Kilit Dogan & Erden Gulebaglan, 2022). The Debye
temperature is calculated as 45.79, which is not very high. Therefore, LiAgSe has a thermal conductivity
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property but not very high. This result is also compatible with the phonon dispersion results mentioned
below.

Next, the phonon properties of the LiAgSe compound were investigated. In the base case, the
dispersion and density of states of the phonons given in Fig. 6 and Fig. 7, respectively, were calculated
and plotted.
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Figure 6. Phonon dispersion graph of LiAgSe in the ground state.
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Figure 7. Phonon density of states graph of LiAgSe in the ground state.

LiAgSe has 3 atoms in its unit cell, so 9 phonon modes occur. Three of them with the lowest
(here negative) frequencies are acoustic modes and the rest of the six are optic modes (Figure 6). For
both types of modes (acoustic and optic) there are transverse and longitudinal modes. Because the
vibration takes place on a plane. One of the modes occuring in that plane is called the transverse mode
(transverse acoustic, TA or transverse optic, TO). Since there are possibly three vibration planes, two of
them are out of the vibration plane. One of the out-of-plane modes is again the transverse mode, and the
last one is the longitudinal mode (longitidunal acoustic LA, or longitudinal optic LO). The transverse
modes have lower frequencies than longitudinal mode. Examining Figure 6, it is seen that the acoustic
modes have negative frequencies, indicating that this material is dynamically unstable in the ground
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state. If two or more modes overlaps for some regions this situation is called degeneracy. High
degeneracy points out that this material has high symmetry properties. Again, looking at Figure 6, it is
seen that the degeneration is not high enough for a stable material. At this point, it was wondered whether
there was a pressure value stabilizing this material dynamically when applied. After calculations, it was
found that LiAgSe becomes dynamically stable if a pressure of 16,396 GPa is applied. Both phonon
graphs were drawn under this pressure value (Figure 8 and Figure 9).

LiAgSe (P=16.396 GPa)
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Figure 8. Phonon dispersion graph of LiAgSe under pressure (P=16.396 GPa).

Figure 8 and Figure 9 shows that acoustic modes have zero frequency as they are supposed to
be. Now, Figure 8 and Figure 9 can be studied in depth. In Figure 8, the two modes with the very lowest
frequencies are transverse acoustic modes. The third mode is the longitidunal acoustic mode. These
three modes have zero frequency for the I' high symmetry point. TA modes have high degeneracy. After
LA mode, two TO modes appear with high degeneracy. The LO mode appears next to the TO modes.
There is also a second group of phonon bands between 440-520 cm frequency values. There are three
optic modes. Two of them with lower frequencies are TO modes the last of which is LO mode. Here,
there is a high degeneracy between TO modes in this group of phonon modes

By examining the TA modes of a material, one can get an idea about the thermalconductivity of
a material. TA modes are directly related to the thermal conductivity of that material. If there is no
scattering between the TA modes then these materials are said to have a high thermal conductivity. If
TA modes and TO modes coincide together, scattering in the TA modes occur, and thermal conductivity
decreases. When examining it is understood that TO and TA modes do not overlap under both the ground
state and at the pressure level P=16.396 GPa. So it can be concluded that LiAgSe has a thermal
conductivity property but Figure 6 and Figure 8 show that this property has increased with the applied
pressure. Also the Debye temperature value calculated within the elastic properties is coherent with this
result.

58



YYU J INAS 27 (1): 50-63
Erden Gulebaglan / Insights into the Structural, Electronic, Optic, Elastic, and Phonon Properties of Half-Heusler Compound LiAgSe via Density Functional Theory

LiAgSe (P=16.396 GPa)
0.20

0.16 1

0.12

0.08 -

Phonon DOS

0.04 +

0-00 T T T T T T T T T T T

0 100 200 300 400 500 600
Frequencies (cm'l)

Figure 9. Phonon density of states graph of LiAgSe under pressure (P=163.96 kbar)

It was found the irreducible representation of I' by a factor analysis using the Bilbao
Crystallographic Server (Aroyo et al., 2006). The space group of LiAgSe is F43m (No:216) and its point
group is T4 (43m). For materials in this group the symmetry types are A, Az, E, T1 and T.. It was
calculated and there presentation is as follows (equation2, equation3 and equation 4)

[ =actlop (2)
rac = T2 and Fop = 2T2 (3)
[ =3T, (4)

It has been seen that the 2T, (without acoustic modes) belongs to Infrared active, Raman active
and Hyper-Raman active modes.

4. Discussion and Conclusion

Structural, electronic, optic, elastic and phonon properties of the LiAgSe half-Heusler
compound were discussed with the help of Density Functional Theory and Quantum Espresso and
ABINIT programs using Generalized Gradient Approximation. The ABINIT program was used to
investigate the optic and elastic properties of LiAgSe half-Heusler compound, and Quantum Espresso
computer program was used for searching structural, electronic and phonon properties. The lattice
parameter value of the LiAgSe half-Heusler compound was calculated and compared with the literature
and they were found to be compatible. When the electronic properties of the compound were examined,
it was concluded that LiAgSe is a semi-metal. Afterwards, it was investigated the optical properties of
the LiAgSe compound. The complex dielectric function was calculated and given with graphs. Also, all
calculated optic properties of the LiAgSe are given in the graphs and are compatible with each other.
Next, the elastic properties of LiAgSe semi-Heusler compound were focused on. The main constants of
elasticity of the studied compound were calculated. It is seen that this material is a very elastic material.
Last of all, the phonon properties of the LiAgSe compound were investigated. It is obvious that this
material is not dynamically stable in the ground state. It becomes stable under a pressure value of
P=16.396 GPa. The thermal conductivity property occurs but it is not very high for the ground state, it
increases with the pressure. Irreducible representations of I were also obtained. It is believed that this
detailed study on the LiAgSe semi-Heusler compound will assist researchers in their future work on
LiAgSe semi-Heusler compounds.
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