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Abstract: Ab initio calculation of the structural, mechanical, dynamic, thermodynamic, electronic, and optical properties

of cubic half-Heusler compound NaScSi have been reported using density functional theory. Generalized gradient

approximation has been used as the exchange and correlation potential for investigating these properties. The lattice

constant, bulk modulus, the first pressure derivative of bulk modulus, and band gap of NaScSi have been calculated and

compared to the previous XScSi (X = Na, Li, Ag, K) studies. The band structure and corresponding density of states have

also been determined and analyzed. The elastic properties of the compound, calculated by the strain–stress method, satisfy

the mechanical stability conditions for a cubic structure. According to the data obtained from the vibration properties, the

compound is also stable dynamically. Additionally, heat capacity, entropy, and free energy of NaScSi have been calculated

by using the phonon frequencies. The optical investigation of the compound shows high reflectivity in the UV region of the

photon energy.
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1. Introduction

Heusler compounds have been studied both experimentally

and theoretically [1–4] since they were discovered. These

compounds are an intermetallic class consisting of three

elements in 1:1:1 (half-Heusler) or 2:1:1 (full-Heusler)

stoichiometric ratios. In full-Heusler alloys, X is usually a

transition metal, such as Cu, Fe, Ni, Co, Ru; Y is usually

Mn, Cr, or V; and Z can be Al, Ga, Ge, Si, Sn in L21

structure [5]. For half-Heusler alloys, the general formula

is XYZ, where X can be a transition or alkali metal ele-

ment, Y is another transition metal element, typically Mn

or Cr, and Z is a member of the group IV element or a

pnictide [6]. The full-Heusler compound can crystallize in

the L21 structure (space group Fm-3m with Cu2MnAl

prototype structure with or space group F-43m with

Hg2CuTi prototype structure), while the half-Heusler can

crystallize in the C1b structure (space group F4-3m with

MgAgAs prototype structure) [7, 8].

Heusler compounds are generally magnetic intermetallic

with face-centered cubic crystal structure. A lot of Heusler

compounds show properties relevant to spintronics such as

magnetoresistance, Hall effect, ferro-, anti-ferro-, and fer-

rimagnetism, half- and semi-metallicity, semiconductivity

with spin filter’s ability, superconductivity, and topological

band structure [9]. Due to their electronic structure indi-

cating half-metallicity, Heusler compounds exhibit signif-

icant research topics such as magneto-caloric,

thermoelectric, and magnetic shape memory effects [9, 10].

On the other hand, half-Heusler alloys are used for

optoelectronic applications such as thin-film solar cells or

laser diodes [11–15]. Half-Heusler materials could be used

as thermoelectric semiconductors [11–13], piezoelectric

semiconductors [14], optoelectronic semiconductors [15],

and topological insulators [16, 17]. Because of possessing

100% spin polarization at the Fermi level and relatively

high Curie temperature [18, 19], Heusler-based half-metals

have attracted important interest for spintronics applica-

tions [20, 21]. Half-metals are considered ideal electrode

materials for magnetic tunnel junctions [22], and giant

magnetoresistance devices [23] for injecting spin-polarized

currents in semiconductors [24].

The properties of many Heusler compounds can be

easily estimated by valence electron concentration (VEC)

[25]. Since the verification of the spin structure is experi-

mentally difficult, the electronic structure calculation plays
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a vital role in the investigation of these compounds.

Therefore, many researchers working both theoretically

and experimentally have made great efforts to discover

new Heusler compounds [26–29].

Several XScSi-based full-Heusler alloys were theoreti-

cally studied by Ciftci and Evecen [30] with a detailed

analysis of the structural, mechanical, electronic, dynamic,

and optical properties of MgAgAs-based LiScSi compound

using the ab initio method. Kacimi et al. [31] performed a

series of studies on the half-Heusler, considering structural,

electronic, and optical properties of XScSi (X = Li, K, Na).

Durukan and Ciftci [27] reported a detailed first-principle

calculation to study the elastic anisotropy, vibrational, and

optic properties of the AgScSi compound under pressure

using GGA method with the projector augmented wave

(PAW) method.

Elastic constants of crystals determine the stability for

understanding the macroscopic mechanical properties of a

material, which is the main parameter in material pro-

cessing. Sound velocities and Debye temperature, which

can also be determined by elastic constants, are the basic

physical parameters of any material for thermal properties.

Similarly, vibrational properties play a vital role to deter-

mine different properties of materials such as thermal

conductivity, optical and phonon band gaps, specific heat,

thermal expansions, and dynamical stability. Also, the

electronic properties of the materials are very important in

terms of determining the electrical conductivity, band

structure, DOS, chemical bonding, and quality of the

materials. On the other hand, the optical properties of

solids provide an important tool for studying energy band

structure, impurity levels, excitons, localized defects, lat-

tice vibrations, and certain magnetic excitations [32, 33].

Up till now, to the best of our knowledge, there is no

detailed theoretical work of the NaScSi compound about

mechanical, vibrational, and optical properties. To use

NaScSi in technology, the physical properties of this

compound should be investigated in detail. So, this is a

motivation to study and compare structural, mechanical,

dynamic, thermodynamic, electronic, and optical properties

of half-Heusler compound NaScSi to check its feasibility

for optoelectronic devices such as detectors and lasers.

2. Method of calculation

All the calculations such as geometrical optimization and

self-consistent calculations have been performed using the

plane-wave pseudo-potential DFT method [32–36] imple-

mented in the Vienna ab initio simulation package (VASP)

within PAW method to obtain ground state structure

[34, 37–39]. Within the generalized gradient approxima-

tion (GGA), we have used the Perdew–Burke–Ernzerhof

parameterization (PBE) for the exchange–correlation

functional [40]. The convergent threshold of the total

energy and forces acting on every atom is set to 10-8 and

0.0001 eV/A, respectively. The plane-wave basis sets with

energy cutoff are set to 700 eV and Brillouin zone inte-

grations, using 15 9 15 9 15 Monkhorst and Pack [41] k-

points in the irreducible zone for NaScSi. Pressure on the

cell is minimized within the constraint of the constant

volume. Based on the optimized structure, other properties

are calculated. The elastic properties are exploited to esti-

mate using the stress–strain method [30] by the aid of

IBRION = 6 commands implemented in VASP 5.4. For the

analysis of vibrational properties, we have used the

2 9 2 9 2 supercells to calculate the phonon frequencies.

Real-space force constants are calculated by the density

functional perturbation theory applied in the VASP code.

PHONOPY code is used to calculate phonon frequencies

[42]. Finally, Debye model [43–46] has been applied to

calculate the thermodynamic properties of NaScSi

compound.

3. Results and discussion

3.1. Structural properties

The analysis of structural properties is the most important

parameter for determining the behavior of some materials.

Half-Heusler NaScSi has a cubic crystal structure which is

MgAgAs prototype structure (space group: F4-3m/No.

216). The unit cell of NaScSi is shown in Fig. 1. There are

three atoms in the unit cell where the Wyckoff atomic

positions are occupied by 4b site (0.5, 0.5, 0.5), 4c site

(0.25, 0.25, 0.25), and 4a site (0.0, 0.0, 0.0) for Na, Sc, and

Si, respectively [47]. Here, geometry optimization is

Fig. 1 The unit cell of NaScSi
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performed on the primitive cell of NaScSi including three

atoms using VASP. To perform the optimization process,

we have relieved the volume of the unit cell and all atomic

positions (ISIF = 3 in VASP). Our results have been fitted

to the Murnaghan state equation [48] to obtain bulk mod-

ulus (B) and the first derivative of the bulk module (B0).
The obtained results of the investigated compound are

given in Table 1 and compared with the other theoretical

result and XScSi (X: Li, Na, K, and Ag) compounds. It is

seen from Table 1 that our calculated lattice constant of

NaScSi (a = 6.598 Å) structure is in good agreement with

the theoretical study [31] (a = 6.605 Å). There is a 0.1%

difference between the lattice constant values of our study

and another theoretical study [31]. These calculated lattice

constant values exhibit the reliability of the method used in

our calculations. It is well known that GGA generally

overestimates the lattice parameter. While all parameters

have been calculated by VASP code in our calculation,

Wien2k code was used in the other theoretical study.

Li, Na, and K are in the same group on the periodic

table and have similar chemical properties. The atomic

radius of Li, Na, and K is 1.45 Å, 1.80 Å, and 2.20 Å,

respectively. As shown in Table 1, the lattice constants of

the compounds are 6.264 Å for LiScSi [46], 6.598 for

NaScSi (Å) [31], and 7.005 Å for KScSi [31]. As you can

see, the atomic radius and the lattice constant are directly

proportional to each other. The observed increment in the

lattice parameter is related to the increase in the atomic

radius in the same group. Although the atomic radius of Ag

is between the atomic radius of Li and K, the lattice con-

stant of AgScSi (6.226 Å) [27] is the smallest value. This

may be because Ag is in different groups in the periodic

table.

The bulk modulus measures how resistant a material is

to compressibility while the pressure derivative of bulk

modulus measures its response to a slight change in pres-

sure. Our calculated bulk modulus value, 47.22 GPa,

indicates that this compound could be easily compressed

due to the small value of its bulk modulus. In the previous

studies, the bulk module of LiScSi [30] and AgScSi [27]

compounds was 54.71 GPa and 83.4 GPa, respectively.

The bulk modulus values of Na, Ag, Li, and K were 6, 36,

100, and 3 GPa, respectively. This explains the difference

in the bulk module in the compounds. As a result, NaScSi

is a softer compound than other compounds. The obtained

pressure derivative of the bulk modulus (B0) is 3.99 for

NaScSi. This value is smaller than that of AgScSi [27].

Thus, NaScSi is more resistant to pressure than AgScSi.

There is no value for bulk modulus and its first derivative

for NaScSi to compare with the literature. Thus, these

results are the predictions.

As shown in Table 1, the band gap value (0.619 eV),

which will be discussed in detail in the Electronic

Properties section, is very compatible with the result of the

other theoretical work (0.639 eV) [31]. Although there is

no experimental value of the band gap values for NaScSi, it

is well known that the band gap value is generally under-

estimated due to limitations of the DFT.

3.2. Mechanical properties

Elastic constants give us important information due to the

strength and stability of the materials and nature of the

binding forces in solids. Important physical properties such

as hardness, sound velocities, Debye temperature, shear

modulus, and melting point can be calculated via elastic

constants [49]. The elastic constants are second derivatives

of the total energy concerning various lattice deformations.

Thus, more complete calculations of the total energy are

important for the elastic constants [50]. The number of

independent elastic constants is generally reduced if the

crystal has symmetry elements, and in the state of the cubic

crystal, there are only three independent elastic constants.

In the cubic crystals, three independent elastic constants

C11, C12, and C44 are determined by using suitable lattice

distortions [51].

The response of a crystal to applied external forces is

determined by elastic constants; therefore, elastic constants

provide significant information about the mechanical

properties of materials. For example, structural stability,

anisotropic characteristic, and bonding properties of

materials can be determined by elastic constants [52].

The knowledge of elastic properties obtained with the

strain–stress method can be used to analyze the structural

stability and mechanical properties of the material. In

particular, in the case of cubic crystals, the conditions of

stability reduce to a very simple form: C11 - C12[ 0;

C11 ? 2C12[ 0; C44[ 0. These stability conditions are

necessary and sufficient for elastic constants. The com-

puted elastic constants are listed in Table 2. Our calculated

elastic constants in the NaScSi compound obey the Born’s

stability criteria [53]. These stability criteria, which must

be positive, give information about the strain energy when

homogeneous elastic deformation is applied [54].

From the calculated Cij values, bulk modulus B (GPa),

shear modulus G (GPa), Young’s modulus E (GPa), hard-

ness Hv (GPa), plasticity measurement (B/C44), G/B ratio,

C11–C44 Cauchy pressure (GPa), Poisson’s ratio (t), and
Zener anisotropy factor (A) of NaScSi compound could be

calculated as follows [55–58]:

B ¼ 1

3
C11 þ 2C12ð Þ ð1Þ

G ¼ 1

5
C11 � C12 þ 3C44ð Þ ð2Þ
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E ¼ 9BG

3Bþ G
ð3Þ

t ¼ 3B� 2G

2 3Bþ Gð Þ ð4Þ

A ¼ 2C44

C11 � C12

ð5Þ

Hv ¼ 2
G

B

� �2

G

 !0:585

�3: ð6Þ

The calculated results are listed in Table 3. The strength of

a material is determined by mechanical properties. The

bulk modulus is a measure of the resistance of the material

to volume change. The bulk modulus value calculated from

elastic constant using Eq. (1) is 47.8 GPa, which is very

close to the value calculated from Murnaghan’s equation of

state (47.22 GPa). The shear module is a measure of the

resistance of the atom against the movement of the atomic

planes. High shear modulus reflects covalent nature.

Young’s modulus can be used as a measure of the

resistance of the material against elastic stretching. As

shown in Table 3, NaScSi has low Young and shear

modulus indicating soft material. The LiScSi and AgScSi

compounds are also soft material due to their lower Young

and shear modulus [27, 30]. Hardness is a parameter

required to characterize the material. Vickers hardness can

be calculated with the help of Eq. (6). As shown in

Table 3, Vickers hardness values are 1.84 GPa for NaScSi,

1.56 GPa for LiScSi [30], and 4.025 GPa for AgScSi [27],

indicating that XScSi (X = Na, Li, Ag) compounds are

relatively soft. If the hardness value of the material is

10 GPa, the material is known as a hard material, and if

this value is 40 GPa and above, it is known as super-hard

material [59]. In material science, plasticity defines the

deformation of a material (solid) which undergoes

irreversible shape changes against the applied force. The

ratio of bulk modulus (B) to C44 may be interpreted as a

measure of the plasticity [60]. This ratio is also calculated

and given in Table 3. The plasticity value of NaScSi

compound is low, and those of the other AgScSi [27] and

LiScSi [30] compounds are close to the plasticity of

NaScSi. It is important to know whether the material is

ductile or brittle in terms of its suitability in technology.

The coefficient of the shear–bulk modulus (G/B) can be

used to estimate the brittleness or ductile behavior of

compounds. If this ratio is less than 0.57, materials are

considered ductile; otherwise, they are fragile [61]. This

ratio of NaScSi compound is found to be 0.456. Therefore,

the compound shows a ductile character. The G/B ratio of

LiScSi [30] and AgScSi [27] compounds is 0.421 and

0.468, respectively. These compounds are also ductile

characters like NaScSi as shown in Table 3. The Cauchy

pressure, defined as the difference between the two special

Table 1 Lattice constant, bulk module, first pressure derivative of bulk module, and band gap of NaScSi

Material a (Å) Atomic radius (Å) B (GPa) B0 Eg (eV)

NaScSi (our study) 6.598 1.80 47.22 3.99 0.619

NaScSi (theory [31]) 6.605 0.639

AgScSi [27] 6.226 1.60 83.4 4.391 0.439

LiScSi [30] 6.264 1.45 54.71 0.718

KScSi [31] 7.005 2.20 0.377

Table 2 Elastic constant of NaScSi

Material C11 C12 C44

NaScSi (our study) 86.9 28.3 18.0

LiScSi [30] 95.6 34.3 19.0

AgScSi [27] 140.9 54.7 36.8

Table 3 Bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus E (GPa), hardness (GPa), plasticity measurement B/C44, G/B ratio,

C11–C44 Cauchy pressure (GPa), Poisson’s ratio (t), and Zener anisotropy factor (A) of AgScX (X = Ge, C) compounds

Material B G E Hv B/C44 G/B C12–C44 v A

NaScSi (our study) 47.8 21.8 56.7 1.84 2.65 0.456 10.3 0.302 0.614

LiScSi [30] 54.716 23.059 60.66 1.56 2.87 0.421 15.244 0.315 0.620

AgScSi [27] 83.54 39.1 101.4 4.0:5 2.27 0.468 17.9 0.2972 1.001
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elastic fixed C12–C44, is a second method used to determine

the ductility and fragility. Ganesham et al. [62] have found

a correlation between the binding properties and ductility.

The binding character of the cubic compounds is described

according to the pressure of Cauchy (C12–C44). The

compounds with positive Cauchy pressure are metallic,

whereas with negative Cauchy pressure, compounds form

more angular or covalent bonds [63]. NaScSi, like LiScSi

[30] and AgScSi [27], has ductile and metallic character

due to its bonding properties. For another method, we can

refer to Frantsevich [42], which distinguishes the ductility

and fragility of materials due to their Poisson’s ratio (v)

values. The critical value of the Poisson’s ratio for a

material is 0.33 as v\ 0.33 ([ 0.33) indicates the brittle

(ductile) character. As can be seen from Table 3, like

LiScSi [30] and AgScSi [27], NaScSi has a ductile

character due to its Poisson’s ratio (v) value A, which is

a measure of the degree of elastic anisotropy in solids and

is important for engineering science, and it is given as:

A ¼ 2C44

C11 � C12

: ð7Þ

In our work, NaScSi is anisotropic with the A value 0.614

as LiScSi [30]; on the other hand, AgScSi [27] is com-

pletely isotropic.

3.3. Vibrational properties

We have analyzed the phonon spectra of NaScSi com-

pound for analysis of the vibrational properties, using a

supercell finite displacement method implemented in the

PHONOPY package [42] where a set of second-order

force-constant matrices are obtained and used in VASP as

the force constant calculator for phonon distribution cal-

culations [64]. The supercell is used to obtain long-range

force constants between atoms [65]. For these calculations,

the second-order force constants are calculated using

2 9 2 92 supercell expansions of the conventional F4-3m

containing 24 atoms with the displacement step 0.02 A. We

have found that this cell is sufficiently large to converge the

shape of the phonon density of states to obtain a higher-

quality dispersion. Phonon spectra with three atoms in the

primitive cell have nine phonon branches, three of which

are acoustic branches and the rest are optical branches. In

the phonon dispersion curve, the high symmetry points UX,
XK, KU, UL, LX, XW, and WL are used for the half-

Heusler MgAgAs structure. As shown in Fig. 2, the NaScSi

compound is dynamically stable because none of the

branches involve a soft mode in the Brillouin zone. The

general features are consistent with phonon dispersion

relations reported for other HH compounds such as LiScSi

[30] and AgScSi [27]. The sharp peaks in the DOS corre-

spond to the flats in the phonon dispersion curve. From the

partial DOS, it can be inferred that Na and Sc atoms

contribute a major part to the modes with 0–6 THz. The

modes [ 7 THz are predominantly determined by the

vibrations of the Na and Si atoms.

The MgAgAs structure (space group F4-3m) of NaScSi

exhibits Td point group, and Wyckoff positions for Na, Sc,

and Si atoms are 4c, 4a, and 4d, respectively. This Td point

group symmetry has three-dimensional (T2) one irreducible

representation. At Brillouin zone center C points, decom-

position of vibrational representation into Td group irre-

ducible representation is shown as C = 3T2. For the optical

phonons, we can represent Coptic = 2 T2, while the acous-

tical phonons have the T2 irreducible representation. As a

result, the mode of T2 is active in both Raman and IR

spectra. Here, we did not take into effect LO–TO splitting.

So, the frequencies of the two triply degenerate optical

phonons are 6.416 and 7.854 THz, respectively.

Phonon dispersion curve plays a key parameter in

dynamical behaviors and thermal properties such as con-

stant volume heat capacity (Cv), Helmholtz free energy (F),

entropy (S), and internal energy (E), given as [66]:

F ¼ rkBT

Z 1

0

g xð Þ ln 2 sin h
�hx
2kBT

� �� �
dx ð8Þ

Cv ¼ rkB

Z 1

0

g xð Þ �hx
kBT

� �2 exp �hx
kBT

� �

exp �hx
kBT

� �
� 1

h i dx ð9Þ

S ¼ rkB

Z 1

0

g xð Þ �hx
2kBT

� �
cot h

�hx
2kBT

� �� �
� 1

� ��

� ln 1� exp
�hx
2kBT

� �� �	
dx

ð10Þ

where g xð Þ is phonon DOS and r is the degree of freedom

for the unit cell.

In Fig. 3a, the graph of the contribution of the lattice to

the heat capacity follows the Debye model and approachesFig. 2 Phonon frequencies and phonon partial density of states for

NaScSi
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the Dulong–Petit limit at high temperatures. In Fig. 3(b),

entropy increases with temperature. On the contrary of

Fig. 3a and Fig. 3b, the free energy decreases with the

increasing temperature in Fig 3c.

3.4. Electronic properties

To analyze the suitability of the NaScSi compound for

electronic devices, we have calculated the band structure

along with the high-symmetry directions in the Brillouin

zone. In Fig. 4, the band structure of the compound is

presented where the Fermi energy level is fixed to zero.

Figure 4a shows that the maximum valence band for our

compound is at point X, whereas the conduction band

extends at the minimum X-point, expressing a semicon-

ductor character with a direct band gap.

The DOS of the system shows the number of states that

are to be occupied by the system at each energy level. DOS

has been represented mathematically as a distribution by a

probability density function, and it is generally an average

over the space and time domains of the various states

occupied by the system. DOS calculations allow one to

determine the general distribution of states as a function of

energy.

The obtained band gap of NaScSi compound and other

XScSi (X: Na, Li, Ag, and K) compounds data are listed in

Table 1.

The total density and partial density of states are also

plotted in Fig. 4b. The valence bands are located in three

regions. The first region of the valence band consists of Si-

s states. The second region originates from the hybridiza-

tion of Sc-d states and Si-p states. In the third region of the

conduction band, above the Fermi energy level, the major

contribution comes from Sc d-states, and minor contribu-

tion comes from Si-p. In AgScSi [27] and LiScSi [30]

compounds, the contribution of the total and partial density

of states is similar to that of the NaScSi compound.

Charge density is an interesting measure for the inves-

tigation of the type of bonding among the constituent atoms

of an alloy. Also, it gives an idea of the measurements of

the feasibility of electron to be present at a particular

position. Figure 5 shows the charge density plot of NaScSi

in (100) plane, changing from 0.0 to 0.08 eA-3. It can be

seen from Fig. 5 that the charges are shared among the Na,

Sc, and Si atoms, confirming covalent bonding between

them. Moreover, the charge density distribution between

cation and anion is spherical, indicating ionic bonding

between them and consistent with similar half-Heusler

compounds like CaAuBi [67].

Fig. 3 (a) Heat capacity, (b) entropy, and (c) free energy versus

temperature for NaScSi

Fig. 4 (a) Electronic band structure and total density of states for NaScSi, (b) calculated partial density of states for NaScSi
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3.5. Optical properties

Optical properties have a crucial role in understanding the

optoelectronic nature of a material. Furthermore, the opti-

cal property analysis is very important since semiconduc-

tors often exhibit a metal-like behavior at very low

frequencies; on the contrary, they exhibit insulating

behavior at very high frequencies [68]. The optical prop-

erties of the NaScSi compound are also determined and

discussed. The results are shown in Fig. 4a–f. The complex

dielectric function e(x) consists of two parts, the real and

the imaginary, due to the response of the substance to the

incoming light. This function e(x) is given by the follow-

ing equation:

e xð Þ ¼ e1 xð Þ þ e2 xð Þ: ð11Þ

Here, e1(x) and e2(x) are the real and imaginary parts of

the dielectric function related to the polarization and loss of

energy, respectively.

Dielectric function is a complex function, providing

calculations of the optical properties of materials. The

linear response of a medium to external electrical and

magnetic fields is measured by this function. Half-metals

have the unique property of being as conductors in a par-

ticular spin channel and as semiconductors in the opposite

spin channel. This half-metallic behavior produces elec-

trical conduction, resulting from the charge carriers of a

particular spin direction only. Spin polarization in half-

metallic materials is 100%, generating spin-polarized cur-

rent which helps in maximizing the efficiency of magneto-

electronic devices. Since the half-metallic half-Heusler

compounds have important magneto-optical properties,

they have many applications like only one type of

electrons, i.e., spin-up or spin-down, and, thus, be used as

electrical switches. These properties make half-metals

suitable for applications in spintronics [69].

The optical properties of materials have gained signifi-

cant importance in the technology. These properties depend

on the interaction of electromagnetic radiation with matter.

This interaction is related to the wavelength and frequency

of the radiation and material property like dielectric con-

stant, refractive index, band gap values, etc. The tunable

optical properties of materials have wide range of appli-

cations, ranging from biosensing to photovoltaics.

The plasma frequency (xp) is a characteristic frequency

at which the material changes from metallic to dielectric,

and this value is found as the zero-frequency equivalent of

the real part of the dielectric function [70].

While visible region is specified by the energy range

from 1.59 to 3.26 eV, ultraviolet region is specified by

3.26–12.4 eV [71]. The values of e1(0) are in the order

NaScSi (20 eV)[AgScSi (15.92 eV) [27][LiScSi

(12.5 eV) [30]. The summit of the real part of the dielectric

function is in the IR region, and the peak of the imaginary

part is found in the visible region (Fig. 6a, b). Negative

values of e1(x) show a metallic behavior in visible and UV

regions. Consequently, the NaScSi compound can be said

to be suitable for optical filters or shielding devices in

different frequency regions. The static refractive index

n (0), which is displayed in Fig. 6c, is found to be 4.52 and

decreases with an increase in photon energy; after about

11 eV, it goes back to an increase. In the previous studies,

the refractive index of KScSi [31], LiScSi [30], and

AgScSi [27] compounds is 2.73, 4.6, and 4.51, respec-

tively. Our values for the refractive index (4.52) are in

good agreement with that of AgScSi (4.51) and are greater

than those of other references [30, 31]. The extinction

coefficient k(x) is calculated and shown in Fig. 6d. The

most distinct peak maxima of the extinction coefficient

k(x) are observed at about 2.49 at 1.5 eV. The maximum

value of the extinction coefficient k(x) of the AgScSi from

previous studies is about 2.59 at 2.93 eV [27]. The energy

loss function L(x), another important factor defining the

energy loss of a fast electron in a material, is presented in

Fig. 6e. As can be seen from the figure, the highest energy

loss occurs in the ultraviolet region. This main peak as it is

called plasmon frequency (xp) is evaluated. These xp

values are located at nearly 12.5. In the previous studies,

the plasmon frequency of LiScSi and AgScSi structures is

12.5 and 15.92, respectively. The static reflectivity R (0) is

displayed in Fig. 6f. As seen from the figure, it is the region

with the most reflection in the UV region. Our value for the

static refractive index at 0 GPa is in good agreement with

results for LiScSi and AgScSi.

Fig. 5 2D charge density map for (100) plane for NaScSi

First-principles calculations of vibrational and optical properties



4. Conclusion

Ab initio calculations have been used to study structural,

mechanical, dynamic, thermodynamic, electronic, and

optical properties of the NaScSi compound. First, we have

optimized NaScSi in MgAgAs the structures, and using

optimized unit cell we have determined elastic constants.

The calculated elastic constants of NaScSi compound show

the mechanical stability of the MgAgAs-type structure.

Mechanical properties are determined using elastic con-

stants. Pugh’s ratio and Poisson’s ratio indicate that this

compound is ductile. Also, Cauchy relation confirms the

ionic nature and ductile nature of this compound. Aniso-

tropic ratio predicts that this compound is anisotropic. The

Fig. 6 Plot of (a) real parts of the dielectric function e1(x), (b) imaginary parts of the dielectric function e2(x), (c) refractive index n(x),
(d) extinction coefficient k(x), (e) electron energy loss functional L (x), (f) reflectivity versus photon energy of NaScSi compound
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phonon dispersion curves show that compound is

stable dynamically. Also, the heat capacity, entropy, and

free energy of the NaScSi are calculated by using the

phonon frequencies. It is found that S and Cv increase with

increasing temperature, while F decreases with increasing

temperature. Our electronic results indicate that NaScSi

corresponds to a direct band (X–X) transition with a band

gap of 0.619 eV which exhibits a semiconductor property.

Furthermore, the optical properties of the NaScSi com-

pound are found to vary according to photon energies and

may be considered suitable for optoelectronic applications.
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[7] C Colinet, P Jund and J C Tédenac Intermetallics 46 103 (2014)

[8] T Yang, J Cao and X Wang Crystals 8 429 (2018)
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[26] M Evecen and Y Öztekin Çiftci J. Nanoelectron. Optoelectron.
12 100 (2017)
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