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Abstract 
 

Ab initio calculations for dirubidium oxide (Rb2O) in antifluorite structure with four types of point defects, rubidium vacancy, 
oxygen vacancy, rubidium defect, and oxygen defect have been performed by the plane-wave self-consistent field based on 
density functional theory with generalized gradient approximation functional of Perdew-Burke-Ernzerhof exchange-
correlation. For structural optimization, the Broyden-Fletcher-Goldfarb-Shanno algorithm is used. Defect formation energies 
are calculated under lattice relaxation for one unit cell of Rb2O containing eight atoms of rubidium and four atoms of oxygen. 
For defect and vacancy structures, total energy, lattice constant, and vacancy formation energy are computed and discussed.   
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1. Introduction  

Defects in crystal are common. Their occurrence destroys the 

periodicity of the lattice structures in the crystals.[1,2] Among 

the various types of imperfections, consider her the situation 

where the lattice site reaming empty, known as vacancies. 

Oxygen (O) vacancies have a significant role on the physical 

and chemical properties of oxides and have been reported both 

experimentally and the theoretically.[ 3 -7 ] Metal oxides have 

long been investigated with remarkable technology 

application as model-wide bandgap oxides. Extensive 

experimental studies of metal oxide defects and Face (F) 

center vacancy are carried out.[ 8 - 1 3 ] Point defects, such as 

atomic vacancies, play a crucial role in tailoring metal oxides 

properties.[14-16] By regulating the density and distribution of 

vacancies, a bandgap, conductivity, magnetism, etc., can 

impact their physical properties. This can create exciting 

applications in the fields of energy storage and physical device 

applications.[17] Compounds with antifluorite crystal structure 

show rapid conductivity of particles and useful properties in 

energy storage, solid state batteries and gas detectors.[18-20] 

Various oxides of dilithium (Li2O), disodium (Na2O), 

dipotassium (K2O), dirubidium (Rb2O) crystallizing in an  

antifluorite structure.[18] In glass, optical, radiation shielding 

and ceramic applications, Rb2O plays innovative utility role.[21] 

They have force in extensive thought due to their mechanical 

support, and moreover by their alternative outstanding and 

fascinating physical characteristics.[22-27] Using the spin-

polarized density functional theory and the full potential 

linearized augmented plane wave plus local orbital method, 

the electronic structure and magnetic properties of Rb2O 

alloys doped simultaneously with Cr and V transition elements 

are reported.[28] The vacancy formation energy calculations are 

carried out for Li2O, Na2O and K2O using first principle 

study.[29-31] In this study, a series of detailed calculation for 

defect free, Rb defect, F center defect, Rb vacancy and O  

vacancy calculations for Rb8O4 using the ab-initio 

pseudopotentials approach density function theory (DFT) with 

the occupied valence orbitals represented by an expansion of 

the plane-wave method.  

   

2. Computational methodology  

The calculations were carried out by DFT, using the plane 

wave methods and the ultrasoft atomic pseudopotentials, as 

implemented in Quantum Espresso computational code.[32] 

The G vectors that allow for expansion are vectors of 

reciporcal lattice. At first, there is a need for an infinite number 

of vectors to describe the wave functions with infinite 

precision. However, the expansion of the planem waves can 

be truncated to a finite number of terms to limit the wave 

functions with a lower kinetic energy than an energy cut-off 

(Ecutoff).[33] The premise of the plane wave was increased to a 

63 Ry energy cut-off. for wave functions and 513 Ry for 

charge density. The local-density approximation (LDA) makes 

use of the Perdew-Zunger (PZ)[34] and generalized gradient 
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approximation (GGA) makes use of the Perdew-Burke-

Ernzerhof (PBE)[35] for exchange and correlation effect. Used 

a k Monkhorst- Pack point mesh[36] of 4 × 4 × 4, in the first 

Brillouin zone. Using k-point sampling, we maintain an 

accuracy of 0.002 Ry. The Broyden-Fletcher-Goldfarb-

Shanno (BFGS) method is used for structural optimizations.[37] 

The reference occupancy was chosen for rubidium 

1s22s22p63s23p63d104s24p65s1 while the O premise orbitals are 

1s22s22p4. Rb2O defect free structure is show (Fig. 1), which 

crystallize in the antifluorite sutructure with a lattice constant 

6.742 Å.[18] The DFT method has proven to be one of the most 

accurate methods for the computation of the electronic 

structure of solids.[38-44] 

 
Fig. 1 Unit Cell of Rb2O antifluotie structure. 

 

3. Results and discussion  

3.1 Total energy calculation  

Different functional approximations are used, LDA and GGA, 

to calculate the relaxed and unrelaxed total energy for defect 

free structure, Rb defect, F centre defect, Rb vacancy and O 

vacancy. To create Rb defect, shifted one Rb atom from (0.25, 

0.25, 0.25) to the BCC site. For the F-centre defect, the O atom 

from (0.0, 0.5, 0.5) site shifted to the BCC site. The vacancies 

of Rb and O were created by removal of atom from site site 

one by one. From Table 1, one observed that LDA consistently 

provides lower total energy values compared to GGA and also 

increases the total energy by increasing Rb and O vacancies in 

the 1 × 1 × 1 supercell structure of Rb2O.  

 

3.2 Relaxed lattice structure 

Relaxed vacancy lattice structure shown in Figs. 2 & 3. Table 

2 provides an overview of the lattice parameters for relaxed 

structures in the defect free crystal, Rb defects, F-center 

defects, and vacancies in the 1 × 1 × 1 supercell structure of 

Rb2O. The calculated lattice constant for the defect-free 

structure in GGA is higher than in LDA. The initial atomic 

positions and lattice constant are set corresponding to the 

cubic lattice, while the lattice symmetries become tetragonal 

for Rb2O4 during the relaxed calculations. For Rb(1), Rb(2), 

Rb(3), Rb(4) vacancies, the displacement of the O atoms in the 

supercell structure is minimal; however, for Rb(5), Rb(6), Rb(7) 

vacancies, the O atoms migrate outward from the supercell 

structure. Because of the presence of Rb atoms in the 

tetrahedral site, the O atoms move outward. It also shows that 

the supercell structure is stable up to 50% Rb vacancy, 

becomes unstable after that point. For Rb(6) vacancy alone, 

cubic symmetry of the lattice transforms to tetragonal 

symmetry, and the c lattice is larger than the a and b lattices. 

In the case of the O vacancy, the displacement of the Rb atoms 

in the supercell structure is insignificant. For O(1) and O(3) 

vacancies, the lattice retains cubic symmetry, however for O(2) 

vacancies, the lattice shifts to tetragonal symmetry, with the c 

lattice being larger than the a and b lattices. This can be 

assigned to the c plane and atoms a and b axes to the 

asymmetry of the load densities. The Rb defect, F center defect  

Table 1. Total energy calculation for defect free, Rb defect, Face centre defect, Rb  vacancy, and O vacancy in Rb2O 1 × 1 × 1 

supercell structure. 

System 

Total Energy (Ry)   

LDA                       GGA 

Unrelaxed Relaxed Unrelaxed Relaxed 

Rb8O4 -512.33233 -511.94267 -511.06638 -510.43728 

Rb Defect -512.11334 -511.94277 -510.81675 -510.43671 

Face Centre Defect -512.15236 -511.76464 -510.87690 -510.25583 

Rb Vacancy 

Rb(1) 

 

-463.86131 

 

-463.49404 

 

-462.81308 

 

-462.21482 

Rb(2) -415.37756 -415.03692 -414.55002 -413.99826 

Rb(3) -366.88042 -366.58253 -366.27183 -365.77450 

Rb(4) -318.36871 -318.18341 -317.97703 -317.60699 

Rb(5) -269.72071 -269.81542 -269.52179 -269.41332 

Rb(6) -221.04944 -221.75933 -221.03847 -221.51392 

Rb(7) -172.35010 -173.00724 -172.52193 -172.98513 

O Vacancy  

O(1) 

 

-480.68801 

 

-480.30763 

 

-479.36886 

 

-478.78071 

O(2) -449.03295 -448.72388 -447.66839 -447.17302 

O(3) -417.37678 -417.25041 -415.97060 -415.68452 
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Fig. 2 Relaxed rubidium vacancy structure of Rb8O4. 

Table 2. Lattice constant predicted by different functional for defect free, Rb defect, Face centre defect, Rb and O vacancy in Rb2O 

1 × 1 × 1 supercell structure. 

System 

Relaxed Lattice Constant (Å) 

LDA GGA 

a b c a b c 

Exp. Lattice Constant 6.742 Å18  

Defect Free Rb8O4 5.813 5.813 5.813 5.858 5.858 5.858 

Rb Defect 5.409 5.409 5.409 5.563 5.563 5.563 

F Centre Defect 5.812 5.812 5.812 5.858 5.858 5.858 

Rb Vacancy  

Rb(1) 5.727 5.727 5.727 5.774 5.774 5.774 

Rb(2) 5.621 5.621 5.597 5.676 5.676 5.644 

Rb(3) 5.447 5.447 5.447 5.510 5.510 5.510 

Rb(4) 5.256 5.256 5.256 5.325 5.325 5.325 

Rb(5) 4.728 4.728 4.728 4.827 4.827 4.827 

Rb(6) 4.077 4.077 4.416 4.207 4.207 4.489 

Rb(7) 3.983 3.983 3.983 4.117 4.117 4.117 

O Vacancy 

O(1) 

 

5.866 

 

5.866 

 

5.866 

 

5.902 

 

5.902 

 

5.902 

O(2) 5.974 5.974 6.008 5.979 5.979 6.013 

O(3) 6.346 6.346 6.346 6.251 6.251 6.251 

 

 
Fig. 3 Relaxed oxygen vacancy structure of Rb8O4. 
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and reaming concentration of Rb and O vacancies show cubic 

lattices in the relaxed structures. For O vacancies, a higher 

value of the lattice constant signifies the importance of O in 

the crystal system.  

 

3.3 Vacancy relaxation volume 

From Table 3, the Rb imperfection does not show any 

difference in volume in the relaxed structure compared to the 

defect free structure for LDA and GGA approximations. For 

the F-centre defect, the approximations of both LDA and GGA 

show positive volume variation compared to the defect-free 

structure, which expands strongly when O is moved to the 

BCC site. As the number of Rb vacancies increases, the 

volume decreases, and the number of O vacancies increases 

the volume increases, indicating that oxygens play a 

significant role.   

 

3.4 Vacancy formation energy 

The Rb vacancy formation energy Ec is calculated as;                                                           

Ec = E (Rb7O4) + E (Rb) - E (Rb8O4)               (1) 

Where, E (Rb7O4) is the calculated total energy of the 1 × 1 × 

1 supercell with Rb vacancies. 

E (Rb) is the total energy of the free Rb atom.  

E (Rb8O4) is the calculated total energy of the 1 × 1 × 1 

supercell defect-free structure.                                    

The O vacancy formation energy Ea is calculated as; 

Ea = E (Rb8O3) + E (O) - E (Rb8O4)                    (2) 

Where, E (Rb8O3) is the calculated total energy of the 1 × 1 × 

1 supercell with O vacancies. E (O) is the total energy of the 

free O atom. E (Rb8O4) is the calculated total energy of the 1 

× 1 × 1 supercell defect-free structure. Table 4 provides a 

comparison of the vacancy formation energies between the 

LDA and GGA approximations. LDA consistently yields a 

higher value of RB vacancy formation energy than the GGA. 

The acquired values of the Rb vacancy formation energy using 

LDA and GGA were 258 and 156 kJ/mol, respectively. The 

O(1) vacancy formation energies calculated using LDA and 

GGA were 564 kJ/mol and 659 kJ/mol, respectively. It was 

observed that the energy required for the formation of O 

vacancies was much higher than that required for the 

formation energy of Rb vacancies. It is evident that vacancy 

formation energy increases with the increase in Rb and O 

vacancies resulting from the loss of atom stability in Rb8O4. 

The results show that mono-vacancies have the lowest energy 

of formation. The energy of vacancy formation increases as 

the number of vacancies increases.   

 

3.5 Density of states 

With the aid of GGA, the density of states of Rb8O4, Rb7O4 

and Rb8O3 have been computed, and they are depicted in Fig. 

4. Oxygen p-like state valence bands (VB) and potassium s-

like state conduction bands (CB) formed a bandgap. Based on 

DOS calculations, O-2s states produce the lowest-lying bands 

in Rb2O; above these bands, semi-core states like Rb-4p states 

appear. Rb s-like states make up the majority of the CB's 

bottom, which is separated from the rest by an energy gap. In 

ideal defect structure, the top valence band is dominated by p-

like O states, whereas the lowest-lying band is dominated by 

s-like O states. The values of the calculated bandgap are 

compared to earlier theoretically derived findings in Table 5. 

The calculated bandgap value slightly deviates from 

experimental as well as theoretical results. For Rb vacancy in 

Rb8O4, the valence band maximum (VBM) is slightly shifted 

towards the EF and maintain the same bandgap value like ideal 

structure. For O vacancy, the VBM and conduction band 

maximum (CBM) is getting closer to the EF, have metallic 

behavior.  

Table 3. Calculated equilibrium volume and volume variation of relaxed structure with different functional for defect free, Rb defect, 

Face centre defect, Rb and O vacancy in Rb2O supercell structure. 

System 

LDA GGA 

Equilibrium 

Volume (Å3) 

Volume 

Variation (%) 

Equilibrium 

Volume (Å3) 

Volume 

Variation (%) 

Defect Free Rb8O4 196.427 0.000 201.024 0.000 

Rb Defect 158.252 --- 172.158 -1.706 

F centre Defect 196.326 -0.516 201.024 0.000 

Rb Vacancy 

Rb(1) 

187.837 -4.373 192.500 -4.240 

Rb(2) 176.841 -9.971 181.833 -9.547 

Rb(3) 161.611 -17.724 167.284 -16.784 

Rb(4) 145.200 -26.079 150.993 -24.888 

Rb(5) 105.690 -46.194 112.469 -44.052 

Rb(6) 73.402 -62.631 79.450 -60.477 

Rb(7) 63.187 -67.832 69.782 -65.287 

O Vacancy 

O(1) 
201.849 2.760 205.587 2.270 

O(2) 214.418 9.150 214.955 6.930 

O(3) 255.564 30.107 244.258 21.507 
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Fig. 4 Density of status of Rb8O4, Rb7O4, Rb8O3 using GGA. 

 

Table 4. Calculated vacancy formation energy (in kJ/mol) by different functional for Rb and O vacancy in Rb2O supercell structure. 

Rb8O4 
Vacancy Formation Energy (kJ/mol) 

LDA GGA 

Rb Vacancy      

Rb(1) 

 

258.39330 

 

156.26435 

Rb(2) 527.92231 304.77790 

Rb(3) 793.87594 462.73917 

Rb(4) 987.26911 546.87318 

Rb(5) 1139.80432 665.34190 

Rb(6) 882.88202 397.42548 

Rb(7) 1539.64464 955.89520 

O Vacancy 

O(1) 

 

564.18828 

 

659.58968 

O(2) 1312.74969 1255.00144 

O(3) 1413.14312 1693.95019 
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Table. 5 Energy bandgap in Rb8O4. 

 

 

Rb8O4 

Present work (eV) Other calculations (eV) 

LDA GGA LDA 
PBE/EV/WC with 

GGA 

1.52 1.56 1.55;[25] 

1.49[27] 

1.31;[26] 1.82;[27] 

1.58[45] 

 

4. Conclusion  

With the occupied valence orbitals described by PWscf used 

density-function theory to calculate imperfection-free, Rb 

imperfection, O imperfection, Rb vacancy and O vacancy 

calculations for dirubidium oxide. The calculated lattice 

parameters for defect-free structure with the LDA and GGA 

for dirubidium oxide were lower (13%) than the experimental 

lattice parameter.  The displacement of the O atoms in the 

supercell structure is insignificant for Rb(1), Rb(2), Rb(3), Rb(4) 

vacancies, however for Rb(5), Rb(6), Rb(7) vacancies, the O 

atoms migrate outward from the supercell structure. The 

presence of Rb atoms at the tetrahedral location causes the O 

atoms to migrate outward. It also demonstrates that the 

supercell structure is stable up to 50% Rb vacancy, but 

becomes unstable after exceeding 50% Rb vacancy.  For Rb(6) 

vacancy alone, cubic symmetry (a = b = c) of the lattice 

transforms to tetragonal symmetry (a = b ≠ c), and the c lattice 

is larger than the a and b lattices. In the case of the O vacancy, 

the displacement of the Rb atoms in the supercell structure is 

insignificant. For O(1) and O(3) vacancies, the lattice retains 

cubic symmetry, however for O(2) vacancies, the lattice shifts 

to tetragonal symmetry (a = b ≠ c), with the c lattice being 

larger than the a and b lattices. The energy of O vacancy 

formation was higher than that of Rb vacancy formation. The 

ideal defect free structure has a bandgap of 1.52 eV for LDA 

and 1.56 eV for GGA, and shows semiconductor behaviour. It 

displays p-type semiconducting and metallic properties for Rb 

and O vacancies. 
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