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We report the study of high-pressure phases of YN and ScN compounds, using a recent version of the
full potential linear muffin-tin orbital (FPLMTO) method, which enables an accurate treatment of the in-
terstitial regions. The local density approximation (LDA) was used for the exchange and correlation energy
density functional. Calculations are given for lattice parameters, bulk modulus and its first derivatives in
different structures. Under compression, we found that ScN transforms from NaCl-type structure (B1) to
Beta-Sn-type (A5) at a pressure of around 301.3 GPa, with a direct energy gap at I of about 0.108 eV. This
transition B1 to A5 takes place at a lower pressure than the well-known transition NaCl-type structure
(B1) to CsCl-type structure (B2) (found here to be 412 GPa). Our calculations also show that YN trans-

forms from B1 to B2 at a pressure of around 198.5 GPa.
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1. INTRODUCTION

Transition metal mononitrides (TMNs) have become
the subject of much attention recently. The scandium
nitride (ScN) and yttrium nitride (YN) binary com-
pounds are two TMNs, which crystallize in NaCl-type
structure (B1) at normal conditions [1, 2] with an indi-
rect [-X fundamental bandgap. These binary semicon-
ducting compounds exhibit some particular physical
properties such as high melting point (in excess of
~ 2600 °C for ScN [3]) and high hardness [1].

Due to these particular physical properties ScN and
YN have particular technological applications as hard
coatings for cutting tools and possible potential for ap-
plications in magnetic recording and sensing [1], as
well as refractory electronics and plasmonics materials
[3]. The small lattice mismatches between ScN and YN
semiconducting compounds and the group-IIIB nitrides
plays an important role in the synthesis of mixed mate-
rials in the form of alloys and super-lattices [4], which
can provide a viable alternative to GalnN systems for
different applications especially in solar cells and light-
emitting devices fabrication [2].

Based on first-principles plane-wave approach,
Tahri et al. [2] have studied the vibrational and ther-
mal properties of both ScN and YN semiconducting
compounds using quasi-harmonic approximation calcu-
lations plus anharmonic effects. Their results on ther-
mal expansivity show that there are significant an-
harmonic effects in both ScN and YN compounds.

Using first principles calculation with the density
functional theory, Meenaatci et al. [5] have investigated
high-pressure structural phase transition, elastic con-
stants, and electronic properties of group III-nitrides
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(ScN, YN and LaN). Their results also show that the
cubic NaCl-type structure is the most energetically sta-
ble structure at ambient pressure.

The phase stability, electronic structure and me-
chanical properties of two quasi-binary ceramic sys-
tems, Tii-xScxN and Tii-.Y:N (0 <x<1), were studied
by Adhikari et al. [6] using first principles methods
based on density functional theory, cluster expansion
formalism, and Monte Carlo techniques. The applica-
tion of hydrostatic compression to crystals often results
in a transformation from the most energetically stable
structure to another phase and enhanced hardness of
the materials. In the present study, first principles total
energy calculations were used to investigate the equilib-
rium structural parameters, the pressure-induced phase
transitions and electronic properties of ScN and YN
semiconducting compounds. Several possible phases for
ScN and YN including NaCl-type (rock-salt (B1)), zinc-
blende (B3), CsCl-type (B2), wurtzite (B4), CuAu-type
(L1o), hexagonal close packed (HCP or A3), and S-Sn-
type (A5) structures have been considered in our calcu-
lations. The paper is organized as follows. After a brief
description of the method in Section 2, we present in
Section 3 the different results on the structural parame-
ters, structural phase transition of both ScN and YN
compounds as well as the electronic properties. And
conclusions are summarized in Section 4.

2. COMPUTATIONAL DETAILS

The calculations presented in this work were per-
formed by full potential linear muffin-tin orbital
(FPLMTO) method within the framework of density
functional theory (DFT). The exchange-correlation has
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been accounted for LDA using the exchange-correlation
potential calculated by Perdew et al. [7]. The available
computer code ImtART [8] was used in the present work.
Using FPLMTO method as implemented in the ImtART
[8] code needs some requirements such as: the maximal
angular momentum for the expansion of the charge den-
sity and the potential in spherical harmonics, the num-
ber of plane waves (NPLW), the total cut-off energy, as
well as the muffin-tin radius (RMT) values. In all cases,
the maximal angular momentum for the expansion of
the charge density and the potential in spherical har-
monics was fixed to Imex = 6. The number of plane waves
(NPLW), total cut-off energies, and the muffin-tin radius
(RMT) values used in our calculation for both ScN and
YN materials are summarized in Table 1.

Table 1 — Plane wave number (NPLW), cut-off energy (in Ry)
and the muffin-tin radius (RMT) (in a.u.) used in our calcula-
tion for both ScN and YN semiconducting compounds

Struc NPLW Ecu (R')}g\}
ture ScN YN ScN
(8,0, d)
NaCl 11.7,17.1,
(B1) 2974 2974 112.44 94.9
CsCl 11.3,15.5,
(B2) 3070 3070 118.53 295
ZnS 13.3, 20.0,
(B3) 5064 5064 140.68 979
Wz 13.4, 18.9,
(B4) 12850 14844 163.72 978
CuAu
(L1o) 3308 — 127.05 -
HCP 12.2,17.7,
(A3) B 11882 B 25.7
S-Sn 11.5,17.3,
(AB) 2090 2090 86.28 95.7
Struc- RMT (u.a.)
ture ScN YN
Sc N Y N
NaCl
(B1) 2.346 1.843 2.56 1.931
CsCl
(B2) 2.518 1.979 2.648 1.939
ZnS (B3) | 2.141 2141 | 2401 | 1.811
Wz (B4) 2.124 1.738 2.385 1.799
CuAu
(L1o) 2.494 2.001 - -
HCP
(A3) - - 2.479 1.87
B-Sn
(AB) 2.31 1.815 2.491 1.803

For structures with cubic symmetry (NaCl-type (B1),
CsCl-type (B2) and ZnS-type (B3)), only one structural
parameter (the lattice constant a) is used to describe the
unit cell. The structures with tetragonal symmetry
(CuAu-type (ILlo) and S-Sn-type (A5)) have two struc-
tural parameters (a, ¢ (or c/a ratio)), which are used to
describe the unit cell, while for other phases having
hexagonal symmetry (wurtzite (B4) and HCP (A3)),
three structural parameters (a, c/a ratio and internal
parameter (u)) are used to describe the unit cell. When

JJ. NANO- ELECTRON. PHYS. 12, 05009 (2020)

z=0.5, it can be noted that the CuAu-type (Lilo) struc-
ture is a particular case of PbO-type (B10) structure.

3. DISCUSSION OF RESULTS
3.1 EOS Parameters

Usually, the structural parameters in the ground
state are determined by calculating the total energy at
different volumes (E-V) around the equilibrium one for
the material of interest. They can also be predicted
from ab-initio calculation of the pressure-unit cell vol-
ume (P-V) data. In order to obtain the structural pa-
rameters of ScN and YN compounds in different phas-
es, the energy-unit cell volume (E-V) data were used
here. The equilibrium lattice volume Vo, bulk modulus
Bo and the pressure derivative of the bulk modulus Bo'
have been computed by minimizing the total energy by
means of Murnaghan's equation of state (EOS), which
is expressed as follow [9]:

By
+B°,V (VO,/V) +1
B, | B, -1

_BV%

E(V)=E(V,) R

(€Y

where Eo is the energy of the ground state correspond-
ing to the equilibrium volume Vo, Bo' (Bo' = 0B/OP at
P =0) is the pressure derivative of the bulk modulus B.

The bulk modulus B is a quantity which defines the
strength of bonds in solids; it is a measure of resistance
to external deformation [9], it is usually increases as
external pressure enhances. Fig. 1 and Fig. 2 present
the variation of the total energy as a function of the unit
cell volume in different structures of ScN and YN semi-
conducting compounds, respectively. From Fig.1 and
Fig. 2, the lowest minimum NaCl-type phase energy
was observed for both ScN and YN semiconducting
compounds, while the total energies of A3, A5, B2, B3,
B4, and Llo phases are much higher. It can be noted
that the same ground-state configuration was also ob-
served for other compounds, such as scandium phos-
phide (ScP), scandium arsenide (ScAs) and scandium
antimonide (ScSb) [10].

Our results of the equilibrium structural parame-
ters, bulk modulus and the pressure derivative of the
bulk modulus of both ScN and YN semiconducting
compounds in B1l, B2, B3 and B4 phases are summa-
rized in Table 2 and Table 3 together with those of the
literature [5, 15-20]. We notice that our values of dif-
ferent parameters are in general in agreement with
those obtained from other calculations [5, 10, 11, 13, 14]
and experimental works [12, 15].

From the data summarized in Table 2 and Table 3
we can observe that the lattice constant ao of both ScN
and YN compounds in different configurations is in
general in good agreement compared to experimental
values [12, 15] and other theoretical results [5, 10, 11,
13, 14]. For example, our obtained value (4.9383 A) of
the cubic ZnS-type structure underestimates the theo-
retical value (4.939 A) reported by Tebboune et al. [10]
by less than 0.02 %, while our value (4.864 A) of the
cubic NaCl-type phase underestimates the experi-
mental result (4.877 A) reported by Soto et al. [15] by
around 0.27 %.
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Our predicted values of the equilibrium bulk modu-
lus Bo and its pressure derivative Bo' of both ScN and
YN compounds in different structures are also in good
agreement compared to the experimental result [12]
and other theoretical results [5,10, 11, 13, 14]. Our
obtained value (202.42 GPa) of Bo for ScN in NaCl-type
configuration overestimates the theoretical value of
201 GPa obtained by Takeuchi [11] by less than 0.71 %.

Table 3 — EOS parameters of ScN and YN semiconducting
compounds with B3 and B4 phases in comparison with other
data of the literature
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Fig. 1 — Total energy versus volume for different phases of ScN
semiconducting compound

686457 51
v ——B2 @
-6864.60 - B3
. ] A3
= 686463 - A5
et ]
2 .6864.66 -
by

-6864.69 4

-6864.72

-6864.75

150 180 210 240 270 300
Volume (a.u)’
Fig. 2 — Total energy versus volume for different phases of YN

compound

Table 2 — EOS parameters of ScN and YN at zero-pressure in
comparison with other data of the literature

Parameters ZnS (B3) Wz (B4)
ScN YN ScN
This
4.9383 5.248 3.50
ao work
A) Other 4.939P 5 98¢ 3.45P
works 4.88¢ ) 3.49¢
This
Bo work 171.23 116.51 136.37
(GPa) Other 145.2b 110¢ 132.91b
works 153¢ 156¢
This 3.696 5.233 3.71
By work
Other 3.433P 3.293b
4.39¢
works 3.34¢ 2.16¢
This - - 0.395
work
“ | Other - - 0.377
works 0.38¢
This B _ 15
ola work
Other 1.552b
works B B 1.6¢

Parameters NaCl (B1) CsCl (B2)
ScN YN SeN | YN
This work| 4.512 4.864 2.78 | 2.960
ao 44350 1 4891 15 9614 [3.0140
(A) Other 4.651 4.93f 9.926> | 3.01¢
works 4.54¢ 4.93 9.8]e 3 00f
45014 | 4.877¢ : :
This work | 202.42 | 176.23 | 188.44 |170.05
2202 1622
(Gli?a) Other | 21036 | 157 | 150 | 1927
works 201¢ 151f 17'00 ’ 153¢
182 + 404
This work | 3.94 3.93 4.08 | 4.30
, 3.452 3.78a 4.15° | 4.062
Bo VOVE};EZ 3.123b | 3.50° | 3.034b | 4.11¢
3.31¢ 3.86¢ 3.47¢ | 3.46f

In Table 2 and Table 3, we present the structural
parameters (equilibrium lattice constants a, ¢, and c/a,
and the internal parameter u), bulk modulus Bo and
the pressure derivatives of the bulk modulus Bo' for B1,
B2, B3 and B4 phases for both ScN and YN semicon-
ducting compounds. 2-Ref. [5] using PP-PAW (GGA),
b-Ref. [10] using FPLMTO (LDA), ¢Ref. [11], 4Ref. [12]
Expt., ©Ref. [13] using FP-LAPW (GGA), fRef. [14] us-
ing FP-LAPW (GGA), 2 Ref. [15] Expt.

Therefore, as conclusion if taking into account the
above experimental and theoretical uncertainties, one
can clearly observe that our calculated structural pa-
rameters for both ScN and YN materials are in reason-
able agreement with available experimental results
and other theoretical data of the literature. Our results
of the structural parameters of both ScN and YN mate-
rials in three other phases (A3, A5, and Llo) are pre-
sented and summarized in Table 4. Except the results
predicted by Berkok et al. [16] for Llo phase, to the
best of our knowledge, there are no other data existing
in the literature on the structural parameters for both
ScN and YN compounds in A3 and A5 phases.

3.2 Structural Phase Transition

To determine the most stable structure at finite
pressure and temperature, we have compared the en-
thalpies H = E + PV of different phases instead of their
free energies G=FE+ PV - TS (since the temperature
T =0 K). The transition pressure (P;) between the most
stable phase (NaCl-type configuration) and other struc-
tures was calculated using the enthalpy differences for
different phases (A3, A5, B2, B3, and L10) as a function
of pressure with respect to the NaCl-type structure.
For both ScN and YN semiconducting materials, the
variation of the enthalpy differences as a function of
pressure is plotted in Fig. 3 and Fig. 4, respectively.
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Table 4 — EOS parameters of ScN and YN compounds with
A3, A5 and L1o phases in comparison with other data of the
literature, *Ref. [5]

Parame- HCP | p-Sn-type
ters (A3) (A5) CuAu-type (Li1o)
YN ScN YN ScN
2 3.790,
ao (A) 3.9975 4.157 3.6438 3.7345
181.97,
Bo (GPa) 142.41 178 117.98 198.5574
' 4.34,
Bo 3.92 3.52 3.65 3.9994
u 0.50 — — —
0.795,
cla 1.195 0.64 1.49 0.794
2
ScN
—_L1; SeN]
Y AN
— 11 \\ T — |
& ;] . Ak B2 T
% 330!
GPa :
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Fig. 3 — Variation of the enthalpy difference AH as a function
of pressure for A5, B2 and L1o phases of ScN. The reference
enthalpy is set for B1 phase

We note that in the present study of ScN and YN,
the B3, B4, A3 and other structures have been consid-
ered in our calculations but were not closed to stability
in any range of pressures of interest. The transition
pressures were obtained from the enthalpy differences
curves crossing. Our calculations show that a transi-
tion from NaCl-type (B1) to CsCl-type (B2) may occur
at pressures of ~ 412 GPa for ScN and ~ 198.5 GPa for
YN. Our results of the transition pressure (P:;) from
NaCl-type (B1) to CsCl-type (B2) configuration of both
ScN and YN semiconducting compounds are summa-
rized in Table 5 together with those of the literature
[10, 11, 13, 14, 16-20].

From Table 5, it can be observed that our values of
the phase transition pressure P; (GPa) of both ScN and
YN semiconducting compounds are in general slightly
higher than other theoretical results [10, 11, 13, 14, 16-
20]. In the present work, we have also predicted some
other transitions. For ScN semiconducting compound, a
new phase transition from Bl to A5 was found at
around 301.3 GPa. This transition occurs at a lower
pressure than the well-known NaCl-type structure (B1)
to CsCl-type structure (B2). To the best of our
knowledge, there are no other data existing in the lit-
erature on the Bl to A5 transition for ScN compound.
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Fig. 4 — Enthalpy difference AH versus pressure for B2 phase
of YN compound. The reference enthalpy is set for the rock-
salt phase (B1)

Table 5 — Calculated values of the phase transition pressure
P, (GPa) of both ScN and YN semiconducting compounds with
other theoretical data [10, 11, 13, 14, 16-20] of the literature.
aRef. [10], >Ref. [11], “Ref. [17], ¢Ref. [18], eRef. [19], Ref.
[13], #Ref. [14],2Ref. [20] LDA, iRef. [20] GGA, iRef. [16] using
FPLMTO method (LDA)

Compound | This work Other works
332.752, 341, 365.87¢,
ScN 412 364.324, 368.46°, 324i
YN 198.5 ~ 138f, 133.94¢, 116h, 1311

We also report that for ScN a transition pressure from
B1 to L1o occurs at around 1036 GPa.

4. CONCLUSIONS

In summary, we have carried out first-principles
band structure and total-energy calculations of both
ScN and YN semiconducting compounds for NaCl-type,
CsCl-type, cubic-ZnS-type, wurtzite-type, CuAu-type,
HCP-type, and B-Sn-type configurations by an ab-initio
PLW-FPLMTO method, within the local density ap-
proximation (LDA). The ground state properties such
as the equilibrium lattice parameter, the bulk modulus
and its pressure derivative were predicted, analyzed
and compared with other available experimental and
theoretical data. The main results of the present work
can be summarized as follows.

We confirm that the rock salt is the ground state
configuration for the two binary ScN and YN com-
pounds. Our results clearly indicate that there is a
structural transition from NaCl to CsCl type configura-
tion at 412 GPa and 198.5 GPa, respectively, for ScN
and YN confirming experimental suggestions. In gen-
eral, our findings are slightly higher than other theo-
retical results of the literature.

Our most important result for ScN is that concerned
with the possibility of phase transition from NaCl-type
structure (B1) to f-Sn-type (A5) at a pressure of around
301.3 GPa. In the absence of experimental findings and
support regarding this transition, our results can serve
as a prediction for future investigations.
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I[lepmonpuHmunue gocaigxeuns pigkosemenbHux MoaoHUTPUAiB ScN i YN mig tuckom

R. Yagoub?, A. Hadjfatah?, S. Louhibi-Fasla2, S. Daoud3, S. Bahlouli!, A. Haichour?, C. Zegadi?

1 Laboratory of Plasma Physics Materials Conductor and their Applications LPPMCA, USTO El-Mnaouer,
Oran 31000, Algeria
2 Laboratory of Micro and Nanophysics (LaMiN), National Polytechnic School of Oran, ENP Oran-Maurice AUDIN,
BP1523 El-Mnaouer, Oran 31000, Algeria
3 Laboratoire Matériaux et Systémes Electroniques, Université Mohamed Elbachir El Ibrahimi de Bordj Bou
Arreridj, Bordj Bou Arreridj 34000, Algérie

Mu moBiToMIIsIEMO TIPO JOCITIKeHHS (a3 BUCOKOro TUCKY crosiyKk YN Ta ScN, BUKOPHUCTOBYIOUM OCTAHHIO
Bepcio merogy FPLMTO, axuit 3abesmedye TouHy 00poOKy MIKBY3JI0BUX oOJracTeil. HabmmxeHHsa JTOKaIBHOL
rycrurn (LDA) 3acTocoByBasiu Ay 0OMIHHOI Ta KOPEJIAIIIAHOI QPyHKIIOHAIBHOI I'ycTUHHU eHeprii. [Ipusemne-
HO PO3PAXyHKH IApaMeTPIiB PEINTKH, 00'€MHOr0 MOIYJIS Ta MOro MEpIINX MOXITHUX Yy PISHUX CTPYKTypax.
Mu Busiuin, 1o mpu crucHenHi ScN meperBoproerses 13 crpyrrypu tuiy NaCl (B1) y tun -Sn (A5) mixg tu-
cxom Oymmabro 301,3 I'Tla 3 mpamoo 3a6opoHeH0I0 30HOI mpubansHo pisHow 0,108 eB. Ileit mepexix Bimg Bl
1o A5 BiOyBaeThbesa 3a HAYKYOTO TUCKY, Hisk H00pe Bigommii mepexin crpykrypu tuity NaCl (B1) y crpykrypy
tuiry CsCl (B2) (BusiBieHe B crarTi s3HadeHHA ckiaamae 412 I'I1a). Hamml pospaxyHKM Takok MOKA3yIOTh, IO
YN meperBoproerses 3 Bl ma B2 ming tuckom 6usbko 198,5 I'Mla.

Kmiouosi cnosa: DFT, Pigkosemesnbui moroniTpuau, Crpykrypuuit pasosuii mepexin, FPLMTO.
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