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A theoretical study of structural, electronic, elastic and phonon properties of NaZnX (X =P, As and Sb)
compounds is presented by performing ab initio calculations based on density-functional theory using
the full-potential linear augmented plane wave (FP-LAPW) and pseudopotential plane wave method.
The generalized-gradient approximation (GGA) and the local density approximation (LDA) are chosen
for the exchange-correlation energy. The Engel-Vosko (EVGGA) formalism is applied for electronic prop-
erties. The calculated structural parameters, such as the lattice constant, bulk modulus, second-order
elastic constants, the electronic band structures and the related total density of states and charge density
are presented. The high-pressure o or g phase of all compounds is investigated and phase transition pres-
sure from tetragonal to high-pressure phase is determined. We have found that the Nowotny-Juza com-
pounds NaZnP and NaZnAs are direct gap semiconductor at ambient pressure. Our calculations predict
that NazZnSb is a metal in all phases. The bonding character and the phase stability of NaZnX (X =P, As
and Sb) compounds are discussed. The nature and the size of the band gap of NaZnX (X =P, As and Sb)
compounds are associated with the bonding character of two kinds of bonds, namely, Na-X and Zn-X
bonds. The elastic constants were derived from the stress-strain relation. Phonon-dispersion curves were
obtained using the first principles linear-response approach of the density functional perturbation theory.
The influence of the pressure and X atomic number on the electronic structure, structural properties and
phonon properties are investigated.
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1. Introduction

The search of new semiconducting compounds for thermoelec-
tric and photovoltaic applications becomes necessary. Therefore,
filled tetrahedral Nowotny-Juza compounds have been studied
extensively [1-8]. Zunger et al. [1,2,4] have studied the degree of
the direct versus the indirect nature of the fundamental gap, by
inserting of small atoms at tetrahedral interstitial states, of zinc
blende semiconductors. Nowotny-Juza compounds of the form
AB"'CY were predicted to be a new group of direct gap semiconduc-
tors [1,2] in the range of 1.3-2 eV. Many members of this interesting
class of materials such as LiXY (X = Mg, Zn and Y = N, P, As), LiCdP,
LiCdAs, and AgMgAs were prepared but just a few of them have been
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characterized. Band gaps are estimated to be 1.25 eV for LiZnAs,
1.3 eV for LiCdP, and 2,1 eV for LiZnP [3]. Electronic band structure
calculations have predicted that LiZnP is a direct-band-gap semicon-
ductor, despite the fact that its binary GaP is a strongly indirect-gap
material [1,7]. The bonding and the phase stability of LiZnAs com-
pound is studied and it is concluded that the bonding in A'B"CY
can be remarkably characterized as half ionic and half covalent, with
the A'-CV and B"-CY bonds being nearly pure ionic and covalent,
respectively [4]. It is found that the cohesive energy of LiZnAs con-
siderably exceeds that of GaAs. The optical band gap of the filled tet-
rahedral semiconductor LiZnAs is measured and it is found to be
direct of 1.51 eV at 300K and 1.61 eV at 77 K. This slightly larger
band gap of LiZnAs, as compared to that of GaAs (1.42 at 300 K) is
attributed to the higher ionicity in comparison with the ionicity of
GaAs [5]. The band-gap nature of LiZnN predicted theoretically
by the interstitial insertion rule of Zunger et al. [2] is confirmed


http://crossmark.crossref.org/dialog/?doi=10.1016/j.commatsci.2014.02.018&domain=pdf
http://dx.doi.org/10.1016/j.commatsci.2014.02.018
mailto:charifizoulikha@gmail.com
http://dx.doi.org/10.1016/j.commatsci.2014.02.018
http://www.sciencedirect.com/science/journal/09270256
http://www.elsevier.com/locate/commatsci

188 Z. Charifi et al. / Computational Materials Science 87 (2014) 187-197

experimentally to be direct with a forbidden gap of 1.91 eV at room
temperature [6]. While the observed band gap of LiZnN is smaller
than that of GaN (3.36 eV at 300 K), the relatively small band gap
of LiZnN may be attributed to the relatively high covalency of
Zn-N bond exceeding the ionicity of Li-N bond, keeping a cubic
phase without a phase transition to wurtzite structure. Very
recently, Beleanu et al. have investigated experimentally the
structural and electronic properties of LiMgZ (Z=P, As and Sb).
The measurements show that all compounds exhibit semiconduct-
ing behavior with direct band gaps of 1.0-2.3 eV depending on the
Z element [7]. With the increase of atomic number of the anion from
P to Sb, the samples show higher conductivity [7]. So these
compounds are predicted to be promising candidates for opto-
electronics and anode materials for Lithium batteries. In order to
discover new interesting materials for thermoelectric applications,
the electronic structure of LiZnSb was analyzed in detail and has
been suggested as a potential new thermoelectric material [8].

Although Lithium Nowotny-Juza compounds are studied else-
where, to the best of our knowledge there has missed investigation
of NaZnX (X = P, As and Sb) compounds in term of electronic, struc-
tural and vibrational properties [9]. NaZnX (X = P, As and Sb) com-
pounds which belong to the same group but with tetragonal Cu,Sh
type structure (space group P4/nmm) [9] in contrast to cubic lith-
ium semiconductors such as LiZnX (X =P, As and S) compounds.
In the present work, using the DFT approach we studied the tetra-
hedral Nowotny-Juza compounds NaZnX (X = P, As and Sb). We de-
rived electronic properties for these compounds, and we also
investigated the influence of the pressure and X atomic number
on the electronic structure. In Section 2, we report some details
about the crystal structure and the numerical calculations. We con-
centrate on the equilibrium lattice constant, bulk modulus and the
elastic properties in Section 3.1. We focus on the electronic proper-
ties in terms of band structures, density of states and charge den-
sity in Section 3.2 and we discuss the vibrational properties in
Section 3.3. Finally, we draw conclusions in Section 4.

2. Calculation method

The space group of the majority of Lithium-Zinc based Now-
otny-Juza compounds like LiZnN is F43m as well as a zincblende
structure, NaZnX (X = P, As and Sb) compound crystallize at ambi-
ent pressure in the tetragonal structure with space group P4/nmm.
The unit cell contains two molecules per formula unit. In the cubic
(o, B, 7) phase under pressure, there are 3 atoms by unit cell.

The calculations presented in this work were performed using
the full potential linearized augmented plane wave (FP-LAPW)
method. We use the WIEN2K [10] implementation of the method
which allows the inclusion of local orbitals in the basis, improving
upon linearization and making possible a consistent treatment of
the semicore and valence states in an energy window, hence ensur-
ing proper orthogonality. The electron-electron interaction was
treated within local density approximation (LDA) and generalized
gradient approximation (GGA) by Perdew, Burke and Ernzerhof
(PBE) exchange-correlation potential [11]. In addition, and for
the electronic properties we also applied the Engel-Vosko
(EV-GGA) scheme [12]. Basis functions, electron density and poten-
tial were expanded in spherical harmonics trough ¢=10 within non
overlapping muffin-tin spheres, and plane waves in the interstitial
region. In order to achieve energy eigenvalues convergence, the
wave functions in interstitial region were expanded in plane waves
with a cutoff of K,,.x = 8/Ry—8.5/Ryr Where Ry denotes the small-
est atomic sphere radius and K.« gives the magnitude of the larg-
est K vector in the plane-wave expansion. The Ry is taken to be
1.8-2.2 atomic units (a.u) for Na, Zn and X (X = P, As and Sb) atoms
for the four phases. Brillouin-zone (BZ) integrations within the

self-consistency cycles were performed via a tetrahedron method
[13,14] using 64-35 K points in the IBZ for tetragonal and cubic
structure respectively. For calculating the electronic and the den-
sity of states (DOS), a denser sampling of uniformly distributed k
points is required, Hence, the Brillouin zone integration was per-
formed using 330 k point in the IBZ for tetragonal and 285 for cubic
phase of NaZnX (X = P, As and Sb) compound. When the energy dif-
ference was less than 0.1 mRy, convergence was assumed.

Because of the lack of experimental and theoretical works
regarding the compounds under study, and also the discrepancy
between our results and those reported in Ref. [9], we have em-
ployed a pseudopotential method for further results. The plane
wave pseudopotential scheme within density functional theory
(DFT) is implemented in the Quantum-ESPRESSO package [15].
The electronic exchange-correlation potential was calculated by
the generalized gradient approximation (GGA) using the scheme
of Perdew-Burke-Ernzerhof (PBE) [11]. The wave functions were
expanded in a plane-wave basis set with a kinetic energy cut-off
of 40Ry. Brillouin-zone integrations were performed using a
10 x 10 x 10 k-points mesh. Having obtained self-consistent solu-
tions of Kohn-Sham equations, the lattice-dynamical properties
were calculated within the framework of the self-consistent den-
sity functional perturbation theory [16,17]. To obtain complete
phonon dispersions and density of states, eight dynamical matrices
were calculated on a 4 x 4 x 4 g-point mesh. The dynamical matri-
ces at arbitrary wave vectors were evaluated using Fourier decon-
volution on this mesh.

3. Results and discussions
3.1. Total energy calculations and phase transition

NaZnX (X =P, As and Sb) compounds belong to Nowotny-Juza
compounds A'B"'CY which based on three main group elements
(A, B and C). They can be viewed as zinc-blende IlI-V compounds
in which the III column has been disproportionated into A'+ B!
atoms [1,2,4].The most stable phase of NaZnX (X =P, As and Sb)
compounds is the tetragonal (Cu,Sb) structure at ambient pressure
in contrast to the most cubic Nowotny-Juza compounds which
crystallize in oo phase [1,2,5,6]. This fact is confirmed by Jaiganesh
et al. [9] using the tight-binding linear muffin-tin orbital method
within the local density approximation (LDA).

The Cu,Sb structure exhibits P4/nmm symmetry with two inter-
nal parameters for the Na and X (X = P, As and Sb) atoms and con-
tains six atoms in the unit cell. At a given volume, positions of Na
and X (X =P, As and Sb) of each compound were determined by
minimizing the forces on atoms. The calculated atomic position
of As in the tetragonal phase are listed in Table 1. Under pressure
this structure transforms to cubic phase « or § then y with F43m
space group. Also the atomic positions for each compound in each
structure are listed in Table 1.

The structures of all compounds were optimized by calculating
the total energy as a function of volume, which was followed by fit-
ting the results with Murnaghan equation of state [18]. The calcu-
lated total energy versus volume using GGA approximation for
NaZnX (X =P, As and Sb) compound is shown in Fig. 1. One can
be clearly seen that the three phases tetragonal, o or f are very
close to each other however there is a little difference in energy be-
tween them whereas the more stable phase at ambient pressure, is
the tetragonal while g is a high pressure phase for NaZnX (X = P, As
and Sb) compounds. In contrast to results reported in Ref. [9] in
which it is predicted that o is a high pressure phase for NaZnP
and NaZnAs, while that of NaZnSb is g phase.

Table 2 presents our calculated values obtained after optimiza-
tion compared with the available experimental data and other



Z. Charifi et al. / Computational Materials Science 87 (2014) 187-197

189

Table 1
The calculated atomic positions of NaZnX (X = P, As and Sb) for tetragonal (CuzSb) and cubic («, B, y) phases.
Compound Tetragonal o-Phase B-Phase y-Phase
NazZnP
Na (1/4, 1/4, 0.3578) (1/2,1/2,1/2) (3/4, 3/4, 3/4) (0,0,0)
(3/4, 3/4, 0.6422)
Zn (1/4, 3/4, 0) (3/4, 1/4, 0) (0,0,0) (0,0,0) (3/4, 3/4, 3/4)
X (1/4, 1/4, 0.7865) (3/4, 3/4, 0.2135) (1/4,1/4, 1/4) (1/4, 1/4, 1/4) (1/4,1/4, 1/4)
NaZnAs
Na (1/4, 1/4, 0.3596) (1/2,1/2,1/2) (3/4, 3/4, 3/4) (0,0, 0)
(3/4, 3/4, 0.6404)
Zn (1/4, 3/4, 0) (3/4, 1/4, 0) (0, 0, 0) (0, 0, 0) (3/4, 3/4, 3/4)
X (1/4, 1/4, 0.7807) (3/4, 3/4, 0.2193) (1/4,1/4, 1/4) (1/4, 1/4, 1/4) (1/4,1/4, 1/4)
NaZnSb
Na (1/4, 1/4, 0.6546) (1/2,1/2,1/2) (3/4, 3/4, 3/4) (0,0,0)
(3/4, 3/4, 0.3454)
Zn (1/4, 3/4, 0) (3/4, 1/4, 0) (0, 0, 0) (0, 0, 0) (3/4, 3/4, 3/4)
X (1/4, 1/4, 0.2245) (3/4, 3/4, 0.7755) (1/4,1/4, 1/4) (1/4, 1/4, 1/4) (1/4,1/4, 1/4)
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Fig. 1. Variation of total energies as a function of volume of unit cell for tetragonal phase (solid curve), « phase (dot curve) and B phase (dashed curve) and ) phase (dot-
dashed curve) using GGA for: (a) NaZnP compound, (b) NaZnAs compound, (c) and NaZnSb compound.

theoretical results [9,19,20]. It is clearly seen that for all
compounds the GGA overestimates the lattice parameter while
the LDA underestimates it; these findings are consistent with the
general trend of these approximations [21,22]. Generally speaking
our lattice parameters are in good agreement with those found
experimentally and theoretically reported in Refs. [9,19]. The

lattice constant increases as we increase the X atomic number
when substituting As for P and upon substituting Sb for As in the
tetragonal phase and the cubic phases using GGA or LDA
approximations.

Hardness measures a material’s ability to resist deformation.
Bulk modulus is the best indicator of hardness for materials. To
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Table 2

Calculated lattice constants (a and c¢) in A, bulk modulus (Bp) in GPa and pressure derivative (B,) and elastic constant parameters at equilibrium volume using LDA and GGA
compared to experimental and other works of NaZnX (X =P, As and Sb) for tetragonal (Cu,Sb) and cubic («, g, 7) phases.

Phase NaZnP NaZnAs

NazZnSb

Present work Other works

Present work

Other works Present work Other works

LDA GGA LDA

GGA LDA GGA

Cu,Sb
a 3.965 4,076 4,066 [18]exp 4.069 4192 4.176 [18]exp 4.325 4.442 [18]exp
4,012 [9]theo 4.121 [9]theo 4.460 4.365 [9]theo
4.0673 [19]
cla 1.705 1.694 1.695 [18] exp 1.704 1.697 1.697 [18]exp 1.681 1.686 [18]
1.695 [9]theo 1.69721 [9] 1.679 1.6868 [9]
Bo 66.59 54.741 124.85 [9]theo 59.22 49.54 111.95 [9]theo 47.65 38.41 95.34 [9]
B 4.76 4.39 459 3.87 4.64 4.78
o-Phase
a 5.962 6.148 5.750 [9]theo 6.140 6.350 5.916 [18] 6.537 6.767 6.276 [9]
6.144° 6338 ° 5.7501 [9] 6.717°
Bo 60.55 47.59 122.62 [9] 51.89 39.93 107.11 [9] 42.02 31.69 86.91 [9]
64.40 ° 56.94 ° 57.20 * 50.85" 33.8°
473" 419°
B 5.00 4.44 453 433 4.42 4.34
416" 435" 433"
C11 (GPa) 100.4331 81.0143 57.9957
C12 (GPa) 22.2636 22.2836 22.2666
Caa (GPa) 37.9071 31.7030 28.7287
p-Phase
a 5.89 6.07 6.05 6.26 6.39 6.61
6.063 ° 6.251° 6.568 °
Bo 63.68 50.40 56.47 4420 47.87 36.96
66.16 ° 59.54 2 442° 38.7°
50.5 °
B 4.45 428 445 413 4.62 4.36
439° 4.46° 471°
C11 (GPa) 88.9317 76.4330 70.9
C12 (GPa) 31.6935 28.1561 22.9069
Caa (GPa) 47.8318 37.4525 31.2961
y-Phase
a 6.074 6.294 6.214 6.454 6.538 6.796
6.284° 6.445° 6.753°
Bo 45.95 35.06 4219 32.11 36.18 27.03
351° 319° 275"
B 4.21 4.02 428 4.01 431 4.09
426" 439" 466"
C11 (GPa —-1.7688 1.4835 3.1715
C12 (GPa 53.6079 47.0418 39.914
Caa (GPa) 48.6705 40.9198 33.3312
2 The calculated data by Eq. (1).
b The calculated data with pseudopotential method within GGA.
estimate the bulk modulus, we assumed uniform compression and , ay 33
; : : By = [3000 — /100] (7> (1)
expansion of the lattice and calculated total energy as a function of 2

volume for each structure. Then the calculated total energies are
fitted to the Murnaghan equation of state. Table 2 summarizes
the values of the bulk moduli for the NaZnX (X = P, As and Sb) com-
pounds. The bulk modulus decreases when we move from NaZnP
to NaZnSb while the lattice parameter increases in all phases and
also it decreases when the tetragonal phase become cubic under
the effect of the pressure which is in a good agreement with the re-
sults of Ref. [9]. A big discrepancy was found in the values of the
bulk moduli between the calculated values and those of Jaiganesh
et al. [9], which is probably due to fact that they used the TB-LMTO
method [9] within the LDA approximation. Because of the lack of
the experimental results, we have used the ab initio pseudopoten-
tial method to found the bulk modulus of the compounds under
consideration. Our results are listed in Table 1 and are found to
be in excellent agreement with those calculated using LAPW meth-
od. To be more sure we have also used the model suggested in Ref.
[23] to compute the bulk modulus By of NaZnX (X = P and As) in the
cubic phase o and B. The bulk modulus is given by:

where a is the lattice constant in (A) and / is an empirical parameter
which accounts for the effect of ionicity; A=0, 1, 2 for group 1V,
[11-V, and II-VI semiconductors, respectively, 2 in (A) and the first
term in (GPa). The calculated B, values are compared with other
values. The comparison is given in Table 2. The results show that
the calculated By values exhibit the same trends, and are in
reasonable agreement with our calculated values using LAPW and
pseudopotential method. From Table 2, one can note that NaZnSb
has the smallest bulk modulus among the studied compounds. This
can be related to the larger atomic size and bond lengths of NaZnSb
compound.

NaZnX (X =P, As and Sb) compounds transform from the initial
tetragonal structure to the cubic structure under pressure. The sta-
bility of a particular structure is decided by the minima of the
Gibbs energy given by [24]:

G=Eu+PV—TS 2)
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Since the theoretical calculations are performed at 0 K the free
energy becomes equal to the enthalpy (H):

H=Ew + PV 3)

At a given pressure, a stable structure is one for which enthalpy
has its lowest value and the transition pressure is calculated at
which the enthalpies for the two phases are equal. It is predicted
that the tetragonal phase of NaZnP and NaZnAs compounds
transforms to o phase (which is not detected in Fig. 1) under very
small value of pressure about 1 GPa using the two approximations
LDA and GGA then it turns out to g phase. This suggests that there
is a competition between the two phases tetragonal and o to occur,
however for NaZnSb compound, the high pressure phase is directly
B phase (see Fig. 2). We have found that the total energy differ-
ences between the tetragonal (CuzSb) and cubic «-phases using
LDA (GGA) are -0.036(-0.035Ry), -0.032(-0.036Ry) and
—0.029(—-0.027 Ry) for NazZnP, NaZnAs and NaZnSb respectively.
For That reason, NaZnAs is also found to crystallize in a-phase
(cited in Ref. [9]) at ambient pressure. The y phase has high energy
so it is considered to be unstable phase.

The transition pressure from tetragonal phase to the o or
phase for NaZnX (X = P, As and Sb) compounds are listed and com-
pared with the previous calculations and experimental data [9] in
Table 3. We note that a big disagreement is observed between our
results and those of Ref. [9]. This is due to the fact that they have
predicted the existence of tetragonal phase over a long range.
However from our calculation we predict it over very short range

(a)
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Table 3
Calculated transition pressure values of NaZnX (X =P, As and Sb) compounds using
LDA and GGA approximation.

NaZnP NaZnAs NazZnSb
Transition pressure (Pr) GPa
Cu,Sb — a-phase GGA 1.06 1.12
LDA 1.93 1.26
19.60 [9] 15.75 [9]
o — f-Phase GGA 29.15 14.04
LDA 6.92 11.42
90.50 [9] 72.40 [9]
Cu,Sb — p-phase GGA 0.73
LDA 0.28
51.6 [9]

about 1 GPa. This suggest that the NaZnX (X =P, As and Sb) com-
pounds prefer to be in the o phase like the majority of Nowotny-
Juza compounds. No experimental work has been reported for
these compounds; hence more measurement is required to con-
firm our results.

In order to gain further information on pressure effect upon
vibrational properties of NaZnX (X=P, As and Sb) compounds,
we have calculated the elastic constants. To obtain the elastic con-
stants of these compounds with cubic structure we have used
numerical first principles pseudopotential method by computing
the components of the stress tensor e for small strains, using the
method reported in Ref. [25] and used in our previous works
[26,27]. Our estimated elastic constants are presented in Table 1.

-114810

(b)

NaZnAS
GGA
B

— tetragonal

-114815 -

Y

-114820

Enthalpy (eV)

-114825

-114830 — T T T T T
15

T T T T
20 25 30

Pressure (GPa)

-229700
(c)
-229705 -
-229710 -
-229715 A

-229720 -

Enthalpy (eV)

-229725 -

-229730 1/

NaZnSb
GGA
-0

tetragonal

b

-229735

T
20 25

Pressure (GPa)

30

Fig. 2. Variation of total enthalpy as a function of pressure of unit cell for tetragonal phase (solid curve), « phase (dot curve) and  phase (dashed curve) and y phase (dot-
dashed curve) using GGA for: (a) NaZnP compound, (b) NaZnAs compound, (c) and NaZnSb compound.
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Table 4
Band gaps of NaZnX (X =P, As and Sb) compounds within LDA, GGA and EVGGA
calculated in all phases tetragonal, o,  and y phases (all values are in eV).

E; (eV)

Compound Tetragonal o-Phase p-Phase y-Phase

NaZnP

LDA 0.79 0.73 0.71 0
0.64 [9] 0.75 [9] 0.66 [9]

GGA 0.77 0.45 0.35 0

EVGGA 1.30 1 0.850 0

NaZnAs

LDA 0.44 01[9] 0[9] 0
0.163 [9]

GGA 0.39 0 0 0

EVGGA 0.79 0 0 0
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To the best of our knowledge, there is no experimental value for
the elastic constants of these compounds in the literature; our re-
sults for the cubic phase can serve as a prediction for future inves-
tigations. As one can see from Table 1, the value of C;; decreases
from NaZnP to NaZnAs to NaZnSb, C;, and C44 increase in three
phases «,  and y phase. Otherside, in same phase, o or g the values
of Cy1 and Cy44 decrease. We note also that the value of Cy; increases
and C44 and C;, decrease in ) phase. In phase o the C;, is constant
and its value is around 22 GPa for all compounds.

3.2. Electronic band structure and density of states

The self-consistent scalar relativistic band structures of NaZnX
(X=P, As and Sb) compounds along representative symmetrical
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Fig. 3. Band structure along the symmetry lines of the Brillouin zone and total densities of states (states eV~' unit cell) for NaZnX (X = P, As and Sb) using GGA approximation

for tetragonal phase. The position of the Fermi level is shown by the horizontal line.
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NazZnAs(a)

Fig. 4. Calculated electron charge density in the (010) plane for tetragonal phase (a, b, ¢) and (011) plane for o phase (d, e, f) of the NaZnX (X = P, As and Sb) compounds.

directions of the Brillouin zone were obtained in the tetragonal
phase at equilibrium volume as well as at high pressure within
the LDA, GGA and EV-GGA schemes. The Fermi level Er is shown
by a solide horizontal line. As a prototype we have shown the band
structure and total density of states of NaZnX (X =P, As and Sb)
using GGA approximation in the tetragonal and « phase in Fig. 3.
Accordingly, the conduction band minimum appears to be at the
zone center I'. Hence, NaZnP and NaZnAs are direct gap semicon-
ductors. Our calculations predict that NaZnSb is a metal. The calcu-
lated band gap E;r for NaZnP and NaZnAs are found to be 0.79
(0.77), 0.44 (0.39) eV using LDA (GGA), respectively in tetragonal
phase. Our results are in agreement with the earlier first-principles
[9] calculations for NaZnP, while we find a bigger value than that
reported in [9] for NaZnAs.

It is well known that the LDA and the GGA usually underesti-
mate the energy gap [28,29]. This is mainly because they have sim-
ple forms that are not sufficiently flexible for accurately
reproducing both exchange-correlation energy (E,) and its charge
derivative. The PBE-GGA is the standard parameter-free GGA,
while the EV-GGA has been designed by optimizing the exchange
potential rather than using (Ey.) [12].The reason for performing cal-
culations using both GGA and EV-GGA is that the EV-GGA has been

shown in several cases to give band gaps in good agreement with
experiment [30,21]. The band structure calculated using the GGA
and the EV-GGA for NaZnX (X =P, As and Sb) compounds were
similar except for the value of their band gap which was higher
within the EVGGA. The band gap values are given in Table 4, com-
pared with available theoretical works. It is shown that the calcu-
lated energy gap values decrease with increasing the size of the
pnictide atom (P, As and Sb). Under pressure NaZnP is predicted
to be semiconductor in both phases o and g and became a metal
in the third phase which is 7y, with decreasing in the value of the
band gap. However NaZnAs transforms to a metal under the effect
of pressure.

The total density of states (DOS) for NaZnX (X =P, As and Sb)
compounds at the equilibrium lattice constant is displayed at
Fig. 3. It is shown that there are two regions of the valence band:
the upper valence bands are dominated by X-p and Zn-s, p orbitals
while the bottom valence band is dominated by the X-s and Zn-d
orbitals. As shown in Fig. 3, the peaks are various according to
the kind of structure. The height of the peak situated in —10 up
to —5 eV increases as we substitute P by As and As by Sb in both
phases tetragonal and o phase, and about 60 eV in g phase and in
the range of 120-150 eV in ) phase. For Zn-d orbital is in the same
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Fig. 5. Calculated phonon dispersion curves and phonon DOS for NaZnX (X = P, As and Sb) alloys along several lines of high symmetry in the Brillouin zone.

position with same height in all phases. For s-X orbital, its height is
around 3 eV in tetragonal, o and p phases, however is around 5 eV
in y phase. Generally the density of states of NaZnX (X =P, As and
Sb) compounds is in agreement with the previous work reported in
[9]. Finally we mention that all compounds in y phase are metals.

To obtain a deeper understanding of elastic properties of these
compounds, we need to have a clear idea of the bonding nature.
The charge density is an appropriate tool that permits us to better
understand the bonding character. For this reason, we have studied

the nature of the bond for NaZnX (X =P, As and Sb) compounds.
We have calculated the total charge density of NaZnX (X =P, As
and Sb) compounds, in different planes and for different Phases.
Fig. 4 illustrates all the bonds in the (010) plane for tetragonal
phase and (01 1) plane for o phase containing Na, Zn and X atoms.
One can see clearly for the Na-P bond that the bonding charge is
displaced strongly toward the P atom, due to the difference be-
tween the electronegativity values of the two atoms, and hence
the Na-P bond is ionic, however the bond Zn-P is covalent (see
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Fig. 5 (continued)

Fig. 4a), when we replace P by As and Sb the Na-X bond becomes
less ionic, and Zn-X becomes covalent in tetragonal phase. Our
results suggest the following ionicity order is NaZnP>
NaZnAs > NaZnSb. This explains the fact that the energy gap de-
creases when we move from P to As to Sb in the compound NaZnX
(X =P, As and Sb). Under pressure, the covalency character of the
bonds exceeds the ionic character and hence NaZnAs and NaZnSb
become metals at high pressure, while NaZnP still semiconductor
with small gap.

3.3. Phonon properties

The knowledge of the phonon dispersion plays a significant role
in determining various materials properties such as thermody-
namic stability, phase transition, transport and thermal properties.
To gain more insight about the elasic properties of the compounds
under investigation, the calculated phonon dispersion curves along
high-symmetry directions in the Brillouin zone together with the
phonon density of states (DOS are displayed in Fig. 5 for o, p and
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7 phases of NaZnX (X =P, As, Sb). Our results indicate that the «
and p phases are dynamical stable, but the y phase is dynamically
unstable. The experimental data of the phonon spectrum for these
materials are not yet available. For compound NaZnX (X = P, As and
Sb), the total DOS at high frequencies mainly comes from the X
states. The highest optical branch is separated from the rest of pho-
non branches except g-NaZnP. The band gap for o phase of NazZnP,
NaZnAs and NaZnSb are around 16.7cm~!, 61.1cm~! and

63.2 cm™ !, respectively. The longitudinal acoustical (LA) branches
do not overlap with transverse acoustical (TA) branches for NaZnP
in o and B phase along all directions. The TA phonon branches of
NaZnSb in « and B phase along the I'-K directions are different
from those of NaZnAs and NaZnP. The phonon branches (TA; and
TA,) for NaZnSb fairly close along this directions. We can conclude
that the highest optical frequencies for all phases decrease with the
increase of the mass of pnictide atoms.
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4. Conclusions

The electronic, structural and phonon properties of NaZnX
(X =P, As, Sb) Nowotny-Juza compounds have been studied using
both methods, the self consistent full-potential linear augmented
plane wave (FP-LAPW) and pseudopotential total energy method.
The bonding and the phase stability of NaZnX (X =P, As and Sb)
compound is studied and it is concluded that the more stable phase
is the tetragonal phase under pressure this later transforms to o or
B phase according to X element. The bulk modulus has been calcu-
lated using two different methods LAPW and pseudopotential
method and gave excellent agreement with others. Basing on elec-
tronic band structure calculations, NaZnX (X = P and As) is a direct-
band-gap semiconductor in the tetragonal phase with band gap of
1.30 and 0.79 eV respectively and NaZnSb is a metal using EVGGA
approximation. The elastic constants Cj; are estimated from the en-
ergy variation as function of stress. Elastically, all the compounds
have been found to be stable under pressure in « or 8 phase. The
bonding in NaZnX (X =P, As and Sb) is characterized by the fact
that Na-X and Zn-X bonds being nearly pure ionic and covalent,
respectively in tetragonal phase. In « phase the small band gap
of NaZnP is attributed to the relatively high covalency of Zn-P
bond over the ionicity of Na-P bond. It is predicted that under high
pressure, NaZnAs and NaZnSb are metals. The phonon frequencies
and phonon densities of states in all phases in several lines of high
symmetry of the Brillouin zone, were obtained and discussed using
the density-functional perturbation theory.
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