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Abstract

The structural and electronic properties of cubic Na,O were investigated by first-principles
calculations. The calculated structural parameters (a, By, and Bg) show a good agreement
with the available values. Furthermore, the electronic band structure and density of states were
obtained. We found that the cubic NaxO is a direct band gap material. In addition, the electron
localized function (ELF) was analyzed to give more explanation of the bonding nature of cubic
Na2O. The ELF analysis indicates that the Na-O band is a typical ionic bond. The analysis
details were presented and discussed.
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1. Introduction

It is well known that Na,O is the alkali metal oxide and crystallizes in the cubic structure
(antifluorite type, space group Fm3m). Na,O has been reported to be a promising candidate
for various technological applications such as solid-state batteries, fuel cells, and solid-state
gas detectors [1-3]. It is difficult to prepare and preserve Na,O at ambient condition. Thus,
a little experimental study has been reported for Na,O. Zintl et al. [4] determined the room
temperature lattice parameter of Na,O by using a powder diffraction experiment. Recently,
Wu et al. [5] studied the high-pressure behavior of Na.O up to 30 GPa by synchrotron angle-
dispersive powder X-ray diffraction in a diamond anvil cell at room temperature. On the
theoretical side, the lattice constants, and elastic properties of Li»O, Na2O, and K,O were
computed via the ab initio Hartree-Fock LCAO method by Dovesi et al. [6]. This method also
was used to study the stability of the alkali metal oxides under pressure by Cancarevié et al.
[7]. Moakafi et al. [8] reported results of first-principles calculations for the electronic and
optical properties under pressure effect of Li-O, Na;O, Ki»O, and Rb,O compounds in the
cubic antifluorite structure. Thompson et al. [9] presented a theoretical study of electronic and
phonon spectra of Na2O using density functional theory with a plane-wave in both local-
density approximation and generalized gradient approximation. In this work, the first-
principles calculations with the generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE) were carried out to investigate the structural and electronic properties of
cubic Na»O. The structural parameters, electronic band structure, density of states (DOS), and
electron localized function (ELF) of cubic Na,O were presented and discussed.

2. Computational details
First-principles calculations were performed using Vienna Ab-inito Simulation Package

(VASP) [10]. The generalized gradient approximation (GGA) proposed by Perdew-Burke-
Ernzerhof (PBE) was used to describe an exchange-correlation functional [11-12].
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Fig. 1. Crystal structure of cubic Na2O. The Na and O atoms are represented with gray and red balls,
respectively.

The projector-augmented-wave (PAW) method was treated to perform the electron wave
functions [13]. For the plane-wave expansion of the wave functions, a cut off energy of
600 eV was used. The Brillouin zone integrations were performed using Monkhorst-pack
grids with 8x8x8 k-points mesh to obtain well convergence of total energy [14]. The total
change in energy less than 10 eV and the force less than 10 eV/A were used as convergence
criteria for structural relaxation. The unit cell of cubic Na>O used in this calculation consists
of 12 atoms per unit cell (Na 8 atoms and O 4 atoms). The cubic structure of Na,O is shown
in Fig.1.

3. Results and discussion
3.1 Structural properties

The total energies as a function of volume, E (V), of a unit cell of cubic Na,O were
calculated and fitted into the Birch-Murnaghan’s equation of state [15-17] to obtain the
equilibrium volume (Vo), the bulk modulus (Bo), and its pressure derivatives (B). The Birch-
Murnaghan’s equation of state is written as,

E(V)=E, +

2 3 2 2 2
? —V,B (V°>§ 1| B, + <V°)§ 1| |6 4<V">§ 1
16 %) |\v 0 1% 1% ’ @

where E, is the equilibrium energy, V, is the equilibrium volume, B, is the bulk modulus,
and By is its pressure derivative. The relationship between total energy and volume (E-V) of
cubic NazO is shown in Fig. 2. The E-V data was fitted to the Birch-Murnaghan’s equation of
state and the fitting parameters (a = i/V_ By, and By) are listed in Table 1. Our calculated
results agree with previous calculations. Note that our calculated lattice constant is larger
than the experimental value, reflecting in a smaller in the bulk modulus. However,
the disagreement between our calculated lattice constant and the experimental value is only
1.95%, indicating that the calculations are reliable.
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Fig. 2. The relationship between total energy and volume of cubic Na2O. The solid line represents Birch-
Murnaghan equation of state fits to the calculated data (solid points).

Table 1. Calculated lattice constant (a), bulk modulus (B), pressure derivative of bulk modulus (Bg)
along with the previous calculations and available experimental data of cubic NazO.

a (A B (GPa) By
This work 5.597 45.40 4.35
Calculations 5.398(LDA) [9] 56.00 (LDA) [9]
5.408 (LDA) [8] 57.79 (LDA) [8] 4.20 [8]
5583 (GGA)[9]  54.00 (GGA) [9] 4.71[8]

5592 (GGA)[8]  47.11 (GGA) [8]

Experiment 5.490 [4] 55.60 [5] -

3.2 Electronic properties

The calculated energy band structure of cubic Na2O along with the high symmetry point
of the Brillouin zone is shown in Fig. 3. The energy band gap of cubic Na,O was calculated
to be 1.88 eV with a direct gap, which is in good agreement with the previous GGA calculation
value of 1.83 eV from Moakafi et al. [8]. To further explain the electronic band structure, the
total and partial density of states (DOS) also were calculated as shown in Fig. 4. We found
that the main bonding peaks located close to the Fermi level (or the upper valence band (VB))
at the energy range between -3 and 0 eV. The contribution of O-p, Na-s, and Na-p states are
dominant. However, the O-p state is mainly dominant at the Fermi level. For investigating
the bonding nature of materials, the electron localization function (ELF) is used to analyzes
the characteristics and types of chemical bonds [18]. The ELF = 1 shows the strongest covalent
bond, ELF = 0.5 shows the metallic bond, and 0 < ELF < 0.5 shows the ionic bond. The
electron localization function (ELF) of cubic Na,O was calculated and shown in Fig. 5. It is
clearly seen that the Na-O bonds are in the blue area which corresponds to the ELF < 0.5.
Thus, the bond formed between Na and O is an ionic bond.
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Fig. 3. Calculated band structure of cubic Na20.
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Fig.4. Calculated total and partial density of states (DOS) of cubic Naz0.

(b)

Fig. 5. Calculated electronic localization functions (ELF) of cubic Na2O. Electron localization function
isosurface maps for (a) Miller indices: (0 0 1) and (b) Miller indices: (1 1 0).
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4. Conclusion

The first-principles calculations based on density functional theory within PBE-GGA were
used to investigate the structural and electronic properties of cubic Na,O. The calculated
structural parameters such as lattice constant, bulk modulus, and its pressure derivative are in
good agreement with the available data. The electronic band structure and the density of states
were determined. The cubic Na,O was found to be a direct band gap material with the band
gap value of 1.88 eV, which is consistent with the previous study. Moreover, the electron
localized function (ELF) was also analyzed and the result indicates that the Na-O is ionic
bonding. We hope that this work will be used as a reference data for both theoretical and
experimental studies based on Na,O compound.
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