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Abstract

The structural, electronic, elastic and optic properties of NaYSi formed in the half-Heusler
structure are studied by using ab-initio density-functional theory. The calculated equilibrium
lattice constants are compaired with the available experimental and theoretical data. The
elastic parameters have calculated. Computed elastic results prove that this compound were
mechanically stable. The band gap of this compound predicted to be semiconductor. Further the
phonon spectra and optical analysis have been obtained for the energy range of 0-40 eV.
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Ozet

Yari-Heusler yapisindaki NaYSi bilesiginin yapisal, elektronik, elastik ve optik 6zellikleri ab-
initio yogunluk-fonksiyonel teori kullanilarak incelenmistir. Hesaplanan denge 6rgii sabitleri,
mevcut deneysel ve teorik verilerle karsilastirilmistir. Elastik parametreler hesaplanmistir.
Elastik sonuclarimiz, bu bilesigin mekanik olarak kararli oldugunu kanithyor. Bu bilesigin yar
iletken oldugu bant araligindan tahmin edilmistir. Ayrica, 0-40 eV enerji aralig1 icin fonon
spektrumlari ve optik analiz yapilmistir.

Anahtar Kelimeler:  Yari-Heusler, elektronik, elastik, optik.

1. Introduction

Half-Heusler compounds (space group F43m, 216) contain a relatively large family of
materials with different physical properties and applications. Topological insulators,
piezoelectric ~ semiconductors, thermoelectric = semiconductors and optoelectronic
semiconductors are among the functional materials based on these compounds.

Some binary semiconductors have limited applications in various fields. However half-
Heusler compounds with chemical composition XYZ or "Nowotny-Juza" belong to a special class
of materials [1]. Many semiconductors with wide band gaps are in the class of eight-electron
half-Heusler compounds [2]. So far, little work has been done with ab initio calculations [3-9] on
possible eight-electron quasi-Heusler compounds of types I-11-V and I-11I-1V.

Hem yar1 Heusler bilesikleri hem de ikili yar1 iletkenler i¢in elde edilen bazi fiziksel
ozellikler, yeni yar1 Heusler yari iletkenleri bulmamiza yardimci olmaktadir. u.optoelektronik
uygulamalar i¢cin uygun

Some physical properties obtained for both half-Heusler compounds and binary
semiconductors help us find new half-Heusler semiconductors favorable for optoelectronic
applications. In this work, we examine the half-Heusler compound, NaYSi, which has industrial
applications, using density-functional theory calculations.

This fact motivated us to investigate the electronic, elastic and dynamic properties of NaYSi
ternary compound. Also, until now the electronic structures and mechanical properties of NaYSi

compound has been almost uninvestigated. Therefore, the aim of this work is to give a detailed
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description of the behavior of elastic, electronic, vibrational and optic of NaYSi compound by

using first principle calculations.
2. Material and Methods

VASP based on density functional theory (DFT) is used in all calculations [10-13]. The
interaction between electron and ion is described by using the Projector Augmented Wave
(PAW) method. The exchange and correlation potentials are described by the
generalized gradient approximation (GGA) of Perdew and Zunger-type functional [14-15]. 700
eV cut-off energy and 15x15x15 k-points have been used in the Brillouin zone. The total energies

converged to less than 10-5 ev/atom.
3. Results and/or Discussion
3.1. Structural Properties

The half-Heusler NaYSi compound has cubic MgAgAs structure with space group F43m
(216). As shown in Figure 1, the atomic positions of Na, Y and Si atoms are (0.5; 0.5; 0.5), (0.25;
0.25; 0.25) and Si (0; 0; 0), respectively. In the equilibrium geometry calculation, all atomic
positions and volume of the unit cell were relaxed (ISIF=3 in VASP). Bulk modulus (B) was
determined the Murnaghan’s equation of state E (V) curves. The results obtained for the

compound are given in Table 1 comparatively [16].

Fig. 1. The unit cell of the NaYSi.

Table 1. Calculated lattice. parameters ay (&), cell volume V, (43), bulk modulus (GPa),
band gap Eg4 and other calculated results (2 Ref [16]).
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Reference a, (A) v, ( ;\3) B(GPa) Eg
Present 6.873 80.53 44.5 3.6
PBE-GGA 6.870

3.2. Electronic Properties

We have computed the electronic band structure as depicted in Figure 2. The results indicate
that NaYSi has direct band transition (X-X) with band gap 3.6 eV.

Figure 3 gives the total and partial density of states. In the conduction band, the largest
contribution comes from the Y d-states above the Fermi energy level, although the p-states with
the Na s- and Si p- states also make small contributions to total density of the states. The next
bands below the Fermi level orginate from the hybridization between Y d-states and Si p-states.

On the other hand, Si s-states are in the lowest energy region of the valence band.
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Fig. 2 Calculated electronic band structure for NaYSi.
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Fig. 3 Calculated partial dos (TDOS) and for NaYSi.

3.3. Elastic Properties

Elastic constants provide important information in understanding the mechanical and
dynamic behavior of crystals.

In particular, they provide information on the stiffness and stability of materials. As know
the forces and the elastic constants are functions of the first-order and second-
order derivatives of the potentials. Hence, to study the stability of title compound in
MgAgAs structure, we have calculated the elastic constants at equilibrium lattice parameter. The
results are listed in Table 2.

The mechanical stabilities as a function of pressure (P=0) can be calculated by using the following

equation:
1 .1 .
§(Cll +2C,, +P)>0; E(C11 ~C,-2P)>0; (Cuy—P)>0

Obviously, NaYSi compound is mechanically stable according to above mechanical stability
conditions.

Zener anisotropy factor A is 1 value in isotropic crystals. The calculated A is 0.678 for this
compound, which indicates that NaY Si is anisotropical material. The lower limit value of poisson’s

ratio (v) for central forces in solids and ionic crystals is 0.25 and the upper limit value is 0.5 [17]. In
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this study, interatomic forces in NaYSi have central forces and ionic bonding due to Pugy ratio
(v=0.281).

C1,—Cy4 is Cauchy’s pressure, give the ductile or brittle behaviour of materials. Compounds with a
positive Cauchy pressure exhibit mechanic behaviour (ductile) [18]. As seen in the Table 2, the
investigated compound has a positive Cauchy pressure and thus the ductile behaviour. The critical
value is the G/B ratio, if the ratio is less than 0.57, the material will behave ductile if not brittle [19].
The calculated value of the G/B ratio is 0.512, indicating that this compound has a ductile manner
(Table 2).

Table 2. Elastic constants Cj (GPa), bulk modulus B (GPa), shear modulus G (GPa),
Young Modulus E (GPa), zener Anisotropy factor (A), poisson’s ratio (v), B/G ratio and

Cauchy’s pressure of NaYSi.

P Cyy Cyp Cys B G E A v G/B C;,Cu
(Gpa)
Thisstudy ~ 83.1  25.3 19.6 445 228 58.4 0.678 0281 0.512 5.7

Theory [20] 83.0 280  23.0

3.3. Vibrational Properties

To investigate the vibrational properties, the phonon spectra of the title compound were
computed using the PHONOPY code [21]. The phonon dispersion graph has been plotted using
2x 2 x 2 supercell with 32 atoms.

As shown in Fig. 4, phonon distribution curves are given with several high symmetry
directions. Since this compound has not been studied up to now, it is important to describe their
vibrational properties. Since this compound has three atoms in the primitive cell, it has nine
phonon branches, including three acoustic and six optical branches. In Fig. 4, none of the
branches involves a soft mode in the Brillouin zone, indicating that the compound is dynamically

stable.
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Fig. 4 Phonon dispersion curves for NaYSi.

3.3. Optical Properties

The optical properties have been investigated in order to more comprehensively understand
the electronic structure of materials. The optical properties of material are defined by the
complex dielectric function € (w), which governs the propagation behavior of radiation in a
medium. Optical parameterizations, extinction coefficient k(w), the energy loss function L(w),
the refractive index n(w) and reflectivity R(w), were created using the Kramers-Kroning
equation. Calculated results for dielectric functions and n(w) and L(w) are summarized in Figure
5 (a-f), up to 30 eV, respectively.

The energy loss of a fast electron traversing is describe by the loss energy function L(w). The
highest energy loss function occurs in the ultraviolet region as seen Figure 5(d). This peak value

islocated at 12 eV.
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Fig 5. Optical properties for NaYSi.

4. Conclusion

We have investigated the elastic, electronic, vibrational and optic of NaYSi compound by
using first principle calculations. A direct band gap of 3.6 eV was observed in the calculated
electronic structure profile and showed compound semiconductor behavior. This compound
exhibited mechanical stability in the cubic phase from the calculated elastic constants. It is also
an anisotropic material. Considering the positive phonon frequencies, it has been observed that
a dynamic stability. Further the optical properties analysed for the energy range of 0-40 eV.
These calculations provide promising information for the compound's use in optoelectronic

applications.
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