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This research employs ab initio calculations, utilizing the FP-LAPW method as implemented in WIEN2k and the PP-PW method in QUAN-
TUM ESPRESSO, within the framework of the GGA-PBE approximation, to investigate the physical properties of the rare earth nitride
binary YN. Structural parameters of YN are determined, yielding predictive results consistent with recent calculations. Furthermore, a com-
prehensive investigation into mechanical behavior and elastic properties confirms the mechanical stability of YN in its cubic ZB structure. An
analysis of the anisotropy coefficient reveals its elastic anisotropy. The dynamic stability of YN is investigated througicBMuUlations

using DFPT theory, enabling the calculation of phonon spectra, frequencies, and polarization vectors. These findings affirm the dynamic
stability of A material in the B3 structure. Electronic properties are probed, showing semiconductor behavior, utilizing GGA mBJ, and YS
PBEO methods to ascertain band gap values in the B3 structure. This suggests its potential for adoption in optoelectronic and phononic
devices.
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1. Introduction earth nitrides are prepared through various methods, includ-
ing the mixing of powders of rare earth oxide and carbon

Researchers and scientists consistently strive to discover affgj @ Nitrogen flow at a high temperature of 1500 Subse-
synthesize novel materials whose properties align with techduently, the rare earth nitride is obtained through the inter-
nological advancements and cater to various applicationgnediate stage of rare earth carbide [19].

including electronic and optoelectronic devices, as well as Recently, researchers have turned to theoretical studies
medical and biophysical applications. Among materials ofand results to apply them in scientific and industrial domains,
industrial and technological interest, rare earth nitrides havespecially with the advancement of computing technology
attracted considerable attention and are presently experienf20-22]. Theoretical studies rely on simulation programs and
ing rapid growth due to their varied structural [1], electronic high-capacity devices to investigate the properties and di-
[2-4], magnetic [5,6], thermoelectric [7] and phononic [8- verse structures of materials. Furthermore, these approaches
10] properties, particularly in the context of their applica- have significantly lowered the research expenses [23].

tions within semiconductor [11], magnetic [12], spintronic The aim of our work is to achieve a better understanding
[4,13,14], and optoelectronic devices [15,16]. Applicationsof the properties of Yttrium Nitride compound in the Zinc
of these materials necessitate a profound understanding &lende (B3) phase and give more accurate predictive results
their crucial properties. In most cases, extracting these maelated to structural properties (lattice parameter, structural
terials from nature proves challenging, particularly for rarestability...), elastic properties (elastic constants, Young's
earths containing significant amounts of radioactive elementgmodulus. . .), vibrational properties (dynamic stabilities, vi-
like uranium and thorium. These elements can lead to corbration modes...) and electronic properties (band energy,
tamination of air, water, soil, and groundwater [17]. More-DOS...). These investigations of YN properties open av-
over, experimental study of the properties of most rare eartenues for its use in a wide range of technologies, including
nitrides is challenging due to their inherent instability undersemiconductors, electronic, optoelectronic, and acoustic de-
ambient conditions [18]. vices.

The rare earth nitrides are nitrogen-based compounds This work is divided into three sections, the first section
containing elements of rare earth. They can be classified intteviews the theoretical foundations that form the basis of the
several groups based on the number of constituents. Rapalculation methods used in this work. The second section
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presents our results, their interpretation, and a compariso¥iN nitride in this phase, are detailed in Table I. The struc-
with relevant works. Finally, we conclude this work with a tural parameters were calculated by adjusting the total energy
conclusion. (Eyo:) Of the system based on different volume values, using

the Murnaghan equation of state (EOS) [32].

In comparison, our results for the lattice parameter in the

2. Computational methodology B3 phase align well with theoretical findings [33,34]. Addi-

tionally, the calculated bulk modulus value for the YN com-
The calculations in our study are conducted using firstpound shows good agreement with other references, with an
principles methodologies. Structural, mechanical, and elecaverage difference of 3.14% compared to the values calcu-
tronic properties of Yttrium Nitride are computed employing lated by Mancerat al. [33] using the same method as in this
the linearized augmented plane wave (FP-LAPW) methodtudy, 6.64% compared to Chercheibal. [34] results cal-
[24] within the framework of density functional theory (DFT) culated using the LDA method, and an average difference of
implemented in the WIEN2k code [25]. Wave functions, 5.6% compared to those calculated using the GGA method
electron densities, and potentials are expanded with a mafor the B3 phase. Similarly, the derivative value B’ is consis-
imum angular momentuni,,,, = 10 inside muffin-tin  tent with Mancerat al. [33] findings, differing by 8.59%, as
spheres (RMT) and in a Fourier series in the interstitial rewwell as with Cherchabt al. [34] findings, differing by 7.09%
gion with a cutoff radius RMTK,.. = 8.5. Self-consistent calculated using the LDA approximation and by 11.4% using
calculations have converged with an energy convergence @he GGA approximation.
0.1 mRy. The choice of K-points for irreducible Brillouin  The examination of elastic properties is crucial for com-
zone integration was made using the Monkhorst-Pack techprehending the physical characteristics of solids, offering in-
nique [26]. For the cubic binary phase B3]l@x 10 x 10 sights into the hardness and mechanical stability of materials
mesh with 1000 points was employed. However, for elastiq9]. The elastic constants are based on estimates of the de-
and electronic property calculations of the studied compoundormation of a material in response to a given stress within
a 5000 K-point grid with a7 x 17 x 17) mesh was used. The the elastic deformation region. When dealing with materials
pseudopotential plane-wave (PP-PW) method based on degxhibiting cubic symmetry, there are only three independent
sity functional perturbation theory (DFPT) [27] implemented elastic constants™, 1, C;2, andC,4. The mechanical stabil-
in the Quantum-ESPRESSO (QE) [28,29] code was utilizedty condition for these cubic materials was defined by Born
for lattice dynamic properties calculations4A4 x4 g-point  and Huang [35]:
grid was employed for phonon calculations. In this study, the

generalized gradient approximation (GGA) [30] was applied Cn = Ci12 >0, Cr1 > 0,044 >0,
for the exchange-correlation potential treatment. (Ci1 + 2C12) > 0.
The bulk modulus is expressed in termsaf, andCy
3. Results and discussion by the equation:
1
3.1. Structural properties and mechanical stability B = g(Cn +2C12).

The structure of ZnS (Zinc-Blende) is formed due to the ex- 1 he elastic constants are related to important mechanical
pansion of the NaCl phase. In this structure, the Y atom creParameters such as the shear moddiyshe Young's mod-
ates a face-centered cubic (FCC) lattice, and the N atom o¢ilus £, the Poisson’s ratio, and the anisotropy coefficient
cupies a tetrahedral site within this lattice, with a space group4-

(216) F-43m. The atom positions are as follows [31]: Y (0  The formulas to calculate these parameters are as follows:

0 0), N (1/4,1/4,1/4). In this part, we aim to determine the (C11 4 Cia + 3C4)
structural properties of the Yttrium Nitride compound within G = 5 J
the cubic B3 phase (Zinc Blende ZnS), specifically investi- 9BC
gating the lattice parameter a, the bulk modulus BO and its =35 o
derivative B. The results for these properties, calculated for T
_3B-E
TABLE |. Lattice parameted, the bulk modulusB, and its deriva- 6B
tive B’ for the YN material in the cubid; phase. . 2Cyy
A(A) B0 (GPa) B’ (GPa) tained Cil _f 012h |
Our obtained results for the elastic constafiis, C12,
YN-B3 5.286 113.459 4.013
Clyy, the bulk modulusB, shear modulus?, Young’s modu-
5.28(33] 110(33] 4.39[33] lus E, Poisson’s ratias, and the anisotropy factor A for the
5.19669 [34] 121[34] 3.74965 [34] YN material in the cubic phase B3, along with other theoret-
5.294 [34] 107.07 [34] 3.60269 [34] ical findings, are presented in the Table Il. The calculation
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stants using the GGA method, is consistent with the value ob-
TABLE Il. Elastic constant€”;; (GPa), bulk modulus3 (GPa),  tained through total energy minimization (EOS) in the cubic
shear modulugy (GPa), Young’'s modulug, Poisson’s ratia, Zinc Blende phase, as indicated in Table I. The Pugh’s ductil-
anisotropy factor A, and the B/G ratio for the YN material in the ity index B/G [38] is used to determine the ductile or brittle
cubic B3 phase. Values followed by [37] are from a previous work nature of a material, allowing differentiation between ductile

(Ref. [37]). and brittle behavior through the following relationship:
B3
O 136.2489 Fragile< B/G = 1.75 < Ductile.
180 [GGA] [37] This indicates that the YN material is ductile in the B3
145.77 [LDA] [37] phase. These results are in good agreement with other theo-
136.74 [GGA-SOL] [37] retical findings. The obtained value for the anisotropy coeffi-
Ci2 103.485 cient A is shown in the table. It can be observed that 1
108.94 [GGA] [37] in the B3 phase, indicating that the YN compound has strong
115.98 [LDA] [37] anisotropy in the Zinc Blende phase. The result obtained in
106.4 [GGA-SOL] [37] this phase is consistent with the findings of Ghebetlal.
Cu 76.83 [37].
48.61 [GGA] [37]
54.21 [LDA] [37] 4. Phonon properties
56.32 [GGA-SOL] [37]
B 114.406 The phonon properties play a crucial role in analyzing the
119.56 [GGA] [37] performance and reliability of composites for structural ap-
' plications [39]. Our work aims to analyze the phonon disper-
125.91[LDA] [37] sion curve of the rare-earth-based binary material YN to de-
56.32 [GGA-SOL] [37] termine its dynamic stability. We will examine the presence
G 41.839 or absence of imaginary frequencies (negative frequencies)
31.12 [GGA] [37] to assess whether the material is dynamically stable or unsta-
38.48 [LDA] [37] ble. Additionally, we will investigate the phononic modes at
33.43 [GGA-SOL] [37] the gamma point, which is the center of the Brillouin zone,
B 111.878 to gain a better understanding of the atomic vibration modes
85.92 [GGA] [37] andt th_eilr contribution to the dynamic behavior of the studied
material.
gli%S[Z([;_AliAs]cgsL;][Sﬂ We calculated the vibration frequencies and plotted the
- phonon dispersion curve of YN in the Zinc Blende cubic
v 0.337 phase using the linear response method within the frame-
0.38 [GGA] [37] work of density functional perturbation theory (DFPT) [27]
0.38 [LDA] [37] and the quantum ESPRESSO code [28,29]. Additionally,
0.37 [GGA-SOL] [37] we employed the generalized gradient approximation for the
A 4.69 exchange-correlation potential.
3.052 [GGA] [37] The phonon dispersion curve with the corresponding
3.639 [LDA] [37] Density of Stqteg (DOS) fpr the YN material in the cubic B3
3.712 [GGA-SOL] [37] phase (ZnS) is dlsplgygd |n_F|g. 1. _ _
B/G 2734 From the figure, it is evident that no imaginary phonon

3.841 [GGA] [37]
3.272 [LDA] [37]
3.485 [GGA-SOL] [37]

mode has been observed in the Brillouin zone for the B3
structure. Consequently, we can conclude that the YN ma-
terial in the B3 structure is dynamically stable.

To further investigate the vibrational properties of this
material, it is crucial to perform calculations of dielectric

of these parameters was performed utilizing the FP-LAPWproperties. These properties are associated with the system’s
method implemented in the WIEN2k code package. Frontesponse to an external field and have a significant impact
the Table I, it can be observed that the values of the elastigear the center of the Brillouin zone. This influence results
constants’;y, C2, andCyy for the YN compound are posi- jn the splitting of the longitudinal (LO) and transverse (TO)
tive, meeting the mechanical stability criteria for cubic crys-optical modes at thel{) point on the dispersion curve. We

tal YN [36]. Furthermore, the€’;; constants in the B3 phase calculated the Born effective chargg*) and the dielectric

are consistent with the values obtained by the three methodgnstant ¢>°) for the YN nitride in the B3 phase. Table III
GGA, LDA, and GGA-PBESOL as reported by Ghebatli  summarizes all our results along with other available data.

al. [37]. The bulk modulus, calculated from the elastic con-
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FIGURE 2. Polarization vectors of the optical phonon modes at thgpint for the YN compound in th&3 phase.

TABLE Ill. Frequencies of longitudinal (LO) and transverse (TO)

optical modes in (cm?) at the ) point for YN in the B3 phase.

YN B3

Tro 421.45
369 [37]

T'Lo 850.48
540 [37]

TABLE V. Born effective chargeZ* (in Coulombs) and dielectric

constan&™ for YN in the B3 phase.

YN B3
zZ* 3.06
€ 6.49

In evaluating the dynamic properties of YN in tHg3
cubic phase, several key elements are considered for corfective charge and the dielectric constant for the Zinc-Blende
parison with existing findings. Firstly, the acoustic branchesB3 phase of YN. After performing the phonon calculations
are well separated from the optical branches, with gap ofor YN in the B3 phase, it is observed that the highest vi-

111.84cnt!. This value is in good agreement with the calcu-
lated value of 127 cm! in reference [37]. Furthermore, there

is a significant separation between longitudinal and trans-
verse optical modes at thE)(point, with a frequency gap of
158.98 cnm! for the B3 structure. The result from Ghebouli
et al. [37] (66.2 cnT!) is 58.35% lower than our obtained
value. Analysis of the Phonon Density of States (PDOS) in-
dicates that the N atom contributes to high-frequency phonon
modes (optical modes) due to its low atomic mass, while
the heavier Y atom dominates low-frequency phonon modes
(acoustic modes). Additionally, the optical vibration modes
at the () point for the B3 phase, as presented in Table IV,
align with the results obtained in the other reference. The po-
larization vectors (Fig. 2) of the optical modes at thgoint
highlight the significant contribution of th&% atom, with po-
larizations of| P| = 0.98782. It is worth noting that no other
available results have been reported regarding the Born ef-
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TABLE V. Direct and indirect energy gap values (in eV) of YN in the cuBit phase.

EV-T EW-wW gEr-T
GGA mBJ YSP-BEO GGA mBJ YS-PBEO GGA mBJ YS-PBEO
YN -B3- 2.05 3.9 3.135 2.244 3.734 3.34 3.508 5.328 4.841
2.01[37] 3.35[37] 3.71[37]
e = T S
——
—/\
10 b 10
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. . IGURE 4. Band structure o int 3 phase obtaine Yy
Zrl%urs;j. Band structure of YN in the B3 phase obtained by GGA GGA and YS-PBEQO.

bration corresponds to the optical mode atlhgoint with a
frequency of 580.47 cmt.

5. Electronic properties

It is well-known that the GGA method underestimates band
gaps in systems containing transition metal atoms with par-
tially filled d and f orbitals [40]. To study the YN binary sys-
tem, we employed two approximations: the modified Becke-
Johnson (mBj) approximation [41] and the YS-PBEO hybrid
exchange-correlation functional [42].

The calculations of electronic properties were conducted - .
using the equilibrium lattice parameter obtained from the w L r X W K
Murnaghan equation of state (EOS), and the energy band

structure was plotted along the high-symmetry lines of the”'GURE 5. Zoom of the band structure of YN in thB3 phase
first Brillouin zone (BZ): obtained by GGA, mBJ, and YS-PBEO.

—~
>
o
—
>
o0
)
=]
S8

(w—=L—->T—X—>W-—K). tion methods, we plotted a zoom of the YN band structure

The energy band structure of the YN compound in theffom —3 to 5 eV (Fig. 5). Frqm the figure, it can be observed
B3 phase, obtained through three calculation methods, is ilthat the mBJ approach provides a better energy gap compared
lustrated in the Figs. 3 and 4. to the other approximations.

In this phase, the Zinc Blende YN material is a semicon-  Furthermore, to comprehend and elucidate the contribu-
ductor with a direct gap at the W point, as calculated by thdion of states in the band structure and analyze the type of
mBJ method. However, with GGA and YS-PBEQ, it exhibits hybridization, we calculated the total and partial density of
an indirect semiconductor gap. This observation is consisterftates (DOS) spectra for YN in thB3 structure using the
with the findings of Gheboukt al.[37]. GGA, mBJ, and YS-PBEO approximations.

The results regarding the energy gaps obtained through The results of the total (TDOS) and partial density of
the GGA, mBJ, and YS-PBEO methods are compiled in Tastates (PDOS) for Yttrium Nitride compound in tB8 struc-
ble V. To compare the results obtained by the three calculature are illustrated in the Figs. 6-8.
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FIGURE 8. Total and partial density of states of YN in t&3 phase
obtained using YS-PBEO.

is characterized by a strong presence of p states from the N
atom, with a slight contribution from the d and p states of
the Y atom. The lower conduction band region ranges from
2 to 8 eV for both GGA and YS-PBEO methods, and from
~3.7 eV to 8 eV for the mBJ method. It is mainly composed
of the d state of the Y atom and the p state of the N atom, with
a slight contribution from the s state of the N atom and the d
state of the Y atom. Results of the density of states are con-
sistent with those obtained by Ghebacefial. [37] calculated
using the GGA and HSE Hybrid methods.

6. Conclusion

In summary, our ab initio simulations, utilizing DFT and
DFPT methods in WIEN2k and Quantum ESPRESSO, ex-
plore the physical properties of Yttrium nitride YN. The
structural results closely align with existing data. Our study
on elastic properties reveals that the obtained elastic con-

similar for all three calculation methods, as observed in thétants meet all criteria for mechanical stability in th8 cu-
figures. We identified three significant valence regions. Thic structure, indicating the mechanical stability of YN in
first, deepest region is predominanﬂy influenced by the p Statthese Configurations. Electronic calculations Categorize YN
of the Y atom, with a substantial contribution. The secondas a semiconductor, indicating a direct gap of 3.734 eV in the
region is dominated by the s state of the N atom (spanningBJ method and indirect gaps of 2.05 eV and 3.13 eV with

approximately—13 eV to —11 eV). The third region corre-

GGA and YS-PBEDQ, respectively. The absence of imaginary

sponds to the maximum of the valence band, with a widthPhonon modes in the B3 structure emphasizes the dynamic
of approximately 2.5 eV for all three methods. This region stability of YN.
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