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Cubic sodium niobate (NaNbO3) and tetragonal potassium niobate (KNbO3) crystals are 

studied using the Wien2k code. Lattice parameters are optimized by using generalized 

gradient approximations and results compared with existing experimental data. Electronic 

properties such as total and partial density of states (TDOS and PDOS), band structures 

have been calculated for both cubic and tetragonal phase of sodium and potassium niobate 

NaNbO3 and KNbO3 crystals, respectively. The indirect band gaps are observed for both 

phases. The electronic and optical properties of NaNbO3 and KNbO3 crystals are 

calculated by first principles using (GGA+U) approximations for both cubic and tetragonal 

phase. For both phases, the real and imaginary parts of complex dielectric function and 

thus optical constants such as absorption coefficient, energy loss function, reflectivity, 

refractive index, extinction coefficients and optical conductivity are calculated. The 

computed optical spectra of cubic and orthorhombic phases are compared with the 

experimental data and found good agreement with the results.  
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1. Introduction 
 
Perovskite belongs to a class of Ferroelectric materials with the chemical formula 

of 𝐴𝐵𝑂3. Where A is a cation which could be monovalent or divalent, whereas B is a pentavalent 

or tetra valent metal [1].The perovskite structure materials have very interesting properties like; 

they can easily undergo phase transitions. The transitions are of different variety like transition to 

ferroelectric and anti-ferroelectric and insulator metal transitions. They show superconductive 

behavior and piezoelectric anisotropy. The perfect perovskite structure has cubic symmetry in 

which A and B cations are attached with oxygen. The oxygen ions are sharing corners with B 

cation at the center on the lattice. While A cation lies between the octahedra at 12-fold coordinated 

sites. This structure shows large range of structural instabilities which involves distortions or 
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rotation of oxygen ion and cation displacement from their sites. Photocatalytic activity is high as 

the energy band gap is in visible region [2-4].  

Sodium and potassium niobate NaNbO3 and KNbO3 crystals are most investigated 

materials in the famous class of perovskite structure ferroelectrics. As their important 

technological applications, both materials have been subjected to several first principles 

calculations. Among these perovskite, piezoelectric lead free ceramic materials have become very 

famous because of their environmental protection point of view.  ANbO3 (A=Na, Li and K) are 

studied as piezoelectric lead-free candidate [5]. Under atmospheric pressure in stabilized phases, at 

high temperature 1210 ºC, only structural phase transition is exhibited by LiNbO3.But sodium 

niobate NaNbO3 and potassium niobate KNbO3 shows different structural phase transitions [6]. 

NaNbO3 has very complex transition process and shows several polymorphs under different 

temperatures. Due to uses in CO2 reduction and generating hydrogen, photocatalytic properties 

ofNaNbO3 are of much focus. However, the use of sunlight is limited by bad optical absorption 

due to band gap of 3.49eV [7]. Visible light and piezoelectric properties can be increased by 

doping [8]. Among other candidates for piezoelectric lead free ceramics, most promising is 

potassium sodium niobate KNbO3, because of improved environmental compatibility, good 

piezoelectric and ferroelectric properties [9]. Zhou et al. studied electronic, optical and structural 

properties of NaNbO3, KNbO3 and K0.5Na0.5Nb0.3using DFT plane-wave pseudo-potential method. 

Studies of electronic structure revealed lower conduction bands and similar valence bands of all 

three compound. Likewise optical properties explored that at low energies optical spectrum is 

mainly due to valence band transition O-2p to conduction bandNb-4d.While optical spectrum at 

high energies is mainly due to the transitions at K-4s4p or Na-3s3p states. Their conclusion 

revealed that the properties of KNN can be changed by altering the Na/K ratio at high energy 

region. [10]. Fritsch studied NaNbO3 for different crystalline phases using density functional 

theory. They explored optical, electronic and structural properties. The calculations were 

performed at room temperature and below room temperature. Their conclusions include better 

performance of improved GGA functional AM05 and PBEsol in comparison with conventional 

PBE. The findings of this research are in good agreement with experimental results [11, 12]. 

In this manuscript, we have made first principles DFT calculations based on full potential 

linearized augmented plane wave method (FP-LAPW) is implemented in Wien 2k, computations 

for the optoelectronic and structural properties of NaNbO3 and KNO3 materials for both phases. 

Some comparisons with other related theoretical and experimental work is made where it is 

necessary. 

 

 

2. Computational detail  
 

Present calculations have been performed with simulations package Wien-2k. Full 

potential augmented plane wave (FP-LAPW) method is used for the description of valence 

electrons and ionic cores. The exchange correlations potentials generalized gradient plus Hubbard 

parameter (GGA+U) approximations are used for the description of electron-electron interactions. 

The valence states for the computations are 1s
2
2s

2
2p

6
3s

1
 for Na, 3s

2
3p

6
4s

1
 for K, 4p

6
4d

4
5s

1 
for Nb 

and 2s
2
2p

4
 for O. The convergence of DFT calculations is obtained by using Monkhorst pack k 

points grid 7×7×7, plane wave cut of energy 500 eV and sigma 0.2 for both the NaNbO3 and 

KNbO3 crystals. The self consistent iterations are attained until the accuracy of convergence 

reaches 10
6
 eV. The ionic positions and cell parameters are relaxed to gain the equilibrium 

geometry for NaNbO3 and KNbO3 crystals using GGA+U method and the optimized parameters 

are used for the calculations of electronic structure. The optical properties are calculated from the 

complex dielectric function ε (ω) = ε1(ω)+ iε2(ω). The real and imaginary parts were calculated 

Kramers-Kronig relation (KKR) and momentum matrix elements respectively. Furthermore, the 

calculated bandgaps with local density and generalized gradient approximations are usually 

underestimated, so we used GGA+U approximation for accuracy. Consequently, Wien 2k method 

is employed for improvement of optoelectronic and structural properties of observed crystals. 
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3. Results and discussion 
 

3.1. Structure characteristics 
In this work cubic and tetragonal phases of NaNbO3 and KNbO3 crystals respectively 

under studied. Both of materials sodium and potassium niobate have perovskite structure having 

space groups Pm3m (221) and P4mm (99) respectively. The calculations are carried out by the 

origin of the cell to be at Na site (0,0,0), Nb at the body-centre (0.5, 0.5, 0.5)a  and the three O 

atoms at the three face centers  (0.5, 0.5, 0.0)a,  (0.0, 0.5, 0.5)a  and (0.5, 0.0, 0.5)a, The 

calculation are performed by experimental data for lattice constants a = b = c = 7.86 Å in the cubic 

phase. For the tetragonal phase K(0.5,0.5,0.5), Nb(0,0,0.02) and O atoms at (0.5,0,0.97)a, 

(0,0.5,0.97)a and (0,0,0.46)a sites of KNbO3 are placed. We used the crystallographic data with 

lattice constant of   a = b = 7.90 Å and c = 8.27 Å. For the study of structural properties of these 

crystals, the total energies for different volumes are calculated and then fitted to Murnaghan’s 

equation of states, to find the bulk modulus (B0), pressure derivatives (B
/
) and lattice constants 

(a0). For the cubic phase of NaNbO3, the calculated lattice parameters theatrically are observed by 

minimizing the ratio of energy of crystal to volume. The comparison in present theoretical and 

previous is shown in Table 1. The accuracy of these results lies in the range of local density 

approximations. So, our results for cubic phase of NaNbO3 by first principles calculations suggest 

that our FP-LAPW is reliable and the work is better. Consequently, the calculated equilibrium 

parameters are quite in good agreement with experimental data by GGA+U approximations. The 

relaxed structure of tetragonal KNbO3 is calculated after optimization of a and c.    

 

               
 

Fig. 1. Crystal structures for cubic NaNbO3 and tetragonal KNbO3. 

 

 

Table 1. Computed equilibrium bulk modulus B0 (in GPa), and the pressure derivative of the  

bulk modulus B
/
. 

 

Crystals  B0   B
/
 

NaNbO3 183.18 4.60 

KNbO3
 

100.0 

198.23[32] 

5.0 

4.78[32] 

 

 

3.2. Band structure 

The band structure (BS) and density of states (DOS) for cubic and tetragonal phase of 

NaNbO3 and KNbO3 respectively is plotted with high symmetry of Brillouin zone (BZ) axes as 

shown in figure 2 and 3. The origin of energy is set up at valence band maximum (VBM), and is 

taken in electron volt. The high symmetry BZ points of cubic sodium niobate consists of: 

R(1/2,1/2,1/2),  Γ (0,0,0); X(0,1/2,0); M(1/2,1/2,0); and  for tetragonal potassium niobate 

R(0,1/2,1/2),  Γ (0,0,0); X(0,1/2,0); M(1/2,1/2,0);  The band gap, the electronic structure of VB 

and low energy conduction band are the significant properties in applications of electronic devices. 
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The valence band normally formed below Fermi level due to O(s/p), Nb(s/p/d) and Na(p) and K(p) 

states NaNbO3, KNbO3 for cubic and tetragonal structure respectively. The bottom band for cubic 

structure lies between -5.5 eV and -3 eV formed due to O(s) orbitals. Near Fermi level nine 

valence bands are formed due to O(p) orbitals between 0.0 to -5 eV.  The valence band maximum 

lies on high symmetry point (M) and conduction band lies on (Γ) point indicates indirect band gap 

for both spin up and down polarizations for NaNbO3. Our computed value of indirect band gap for 

the cubic structure of NaNbO3 crystal is 1.8 eV. For tetragonal structure of KNbO3, the observed 

band gap is also indirect due to different symmetries points of VBM and CBM. The calculated 

indirect bandgap is 1.4 eV for tetragonal structure.  In cubic structure of sodium niobate (NaNbO3) 

crystal, nine valence bands at gamma point having three triply degenerate levels. The splitting is 

produced due to electrostatic interactions and crystal field between O (p) orbitals. 

 

     
 

     
 

Fig. 2. (a-d). Electronic band structures of cubic NaNbO3 and tetragonal KNbO3. 

 

 

For further clarifications of bands/elements role in electronic band structure, total and 

partial densities of states (TDOS, PDOS) are calculated for cubic NaNbO3 and KNbO3. The 

calculated TDOS is shown in Fig. 3, reveals a clear difference in bands between cubic and 

tetragonal structures respectively for both spin up and down. The TDOS for both cubic and 

tetragonal phase of crystals are same due to polarizations, which show small effect on the band 

structure of materials. The PDOS diagram shows the valence conduction bands are mainly formed 

due to hybridizations O(p), Nb(d) and Na(s) states for NaNbO3 and has minute effect of O(s), 

Nb(s,p) and Na(p) states shown in Fig. 4a. For KNbO3 crystal, valence and conduction band 

mainly generated due to hybridization of  O(p), Nb(p,d) and K(p) states and O(s), Nb(s) and K(s) 

states contribute minutely as observed in Fig. 4b. At centre of Brillouin zone significant dispersion 
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occur for the conduction band states, which are manifested by high electron mobility. The shapes 

of VBs are flat in the X-M direction showing low hole mobility.  

 

       
 

Fig. 3. TDOS for cubic NaNbO3 and tetragonal KNbO3 crystals. 

 

        
(a)                                                         (b) 

 

Fig. 4. PDOS for (a) cubic NaNbO3 and (b) tetragonal KNbO3 crystals. 

 

 

The bandgaps are calculated using GGA+U approximations and the results are available 

for comparison of experimental data [13-20] in table 2. In present study GGA+U calculations are 

performed and computed bandgaps exhibits indirect nature. The experimental bandgap lies in 

3.10-3.95 and 3.42-3.76 eV for NaNbO3 and KNbO3, respectively. Consequently, our obtained 

bandgaps for both cubic and tetragonal structure materials are reduced on comparing other 

theoretical and experimental data. The probable cause is illustrated as: Firstly, the bandgaps 

calculated with GW are considered as fundamental bandgaps. Though, the experimental results 

were calculated from optical spectra which have electron- hole interaction s( excitonic effect) and 

more screening of quasiparticale excitation owing to electron-hole coupling(polaronic effect)[21], 

which may reduce the bandgap of the materials. Secondly, the accuracy of our theoretical results 

depends on computational cost and related parameters sets which also manipulate the calculations 

reliability. Furthermore, different experiment techniques can also influence the bandgaps of the 

compounds. 

 

 

 

 

 



756 

 

Table 2. Comparison of theoretical and experimental band gap (in eV) of NaNbO3 and KNbO3 structure. 

 

 Cubic  NaNbO3 Tetragonal KNbO3 

Band gap (this work)(indirect) 

 

 

 

Experimental  

1.8 

3.42[25] 

3.2[26] 

 

3.10[27] 

 

1.4 

1.40[21] 

1.58[22] 

1.43[23] 

3.30[24]  

 

 

 

3.3. Optical properties 

The optical properties for the NaNbO3 and KNbO3 are obtained by frequency dependent 

dielectric function are computed by summing conduction band states on limit of long wavelength 

(q=0). The imaginary part of dielectric function is calculated by 3×3 Cartesian tensor 휀𝛼𝛽 is given 

as [28,29].  

 

휀2(𝜔) = 휀𝛼𝛽
(2)

=
4𝜋2𝑒2

Ω
lim𝑞→0

1

𝑞2 × ∑ 2𝜔𝑘𝑐,𝑣,𝑘 𝛿(휀𝑐𝑘 − 휀𝑣𝑘 − 𝜔) × ⟨𝑢𝑐𝑘+𝑒𝛼𝑞|𝑢𝑣𝑘⟩ ⟨𝑢𝑐𝑘+𝑒𝛽𝑞|𝑢𝑣𝑘⟩
∗

 

(1) 

 

Here, v and c represents valence and conduction band states respectively, k refers 

reciprocal lattice vector and  𝜔 is incident photon frequency. Ω Indicates primitive cell volume and 

2 factor is here before weight due to degeneracy of spin orbit system. The vectors 𝑒𝛼 and 𝑒𝛽 

represents unit vectors in Cartesian directions. 

The real part of complex dielectric function is calculated from the imaginary part by using 

Kramer’s- Kroning relations. 

 

휀1(𝜔) = 휀𝛼𝛽
(1)(𝜔) = 1 +

2

𝜋
𝑃 ∫

𝜀2(𝜔/)𝜔/

𝜔/2−𝜔2+𝑖𝜂

∞

0
𝑑𝜔/                      (2) 

 

where P and 𝜂 represents principal value and complex shift respectively calculated by CSHIFT in 

the VASP code.  

Other optical constants i.e absorption coefficient, electron energy loss function, 

reflectivity, refractive index, extinction coefficient and optical conductivity is also calculated in 

the light of real and imaginary parts of complex dielectric function [30,31] 

 

𝐼(𝜔) = √2𝜔[√휀1
2(𝜔) + 휀2

2(𝜔) − 휀1(𝜔)]
1/2

                                  (3) 

 

𝐿(𝜔) =
휀2(𝜔)

𝜀1
2(𝜔)+𝜀2

2(𝜔)
                                          (4) 

 

𝑅(𝜔) = |휀(𝜔) − 1)/휀(𝜔) + 1)|2                                  (5) 

 

The index of refraction is given by  

 

( ) ( ) ( )n n ik   
:

                                                    (6) 

 

Real part represents refractive index while imaginary part is extinction coefficient. 

Refractive index is given by  

 

𝑛(𝜔) =
1

√2[√𝜀1
2(𝜔)+𝜀2

2(𝜔)+휀1(𝜔)]

1
2

                                                  (7) 
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𝑘(𝜔) = 1/√2[√휀1
2(𝜔) + 휀2

2(𝜔) − 휀1(𝜔)]
1/2

                                   (8) 

 

The optical properties of cubic NaNbO3  and tetragonal KNbO3 will be discussed on the 

basis of above mentioned equations.  

 

3.3.1. Dielectric function 

The optical properties of cubic sodium niobate and tetragonal potassium niobate are 

calculated for both phases. The real and imaginary parts of complex dielectric function for both 

phases are shown in figure 5.  They show smooth behaviour in the whole energy range 0-14 eV. 

Fig. 5a indicates static dielectric constant of real part are 3.3 and 2.8 for NaNbO3  and KNbO3 

respectively.  For NaNbO3  and KNbO3, main peaks of real part 휀1(𝜔) curves are 5.8 and 5 at 

energy 2 and 3 eV respectively, and for imaginary part 휀2(𝜔) are 4 and 5.5 at 4.8 and 3.8 eV, 

correspondingly. At negative value of휀1(𝜔), group velocity will be greater than speed of light 

exhibiting nonlinear response. Hence, the materials fall into superluminal region at high energy 

where both permittivity and permeability are negative. Imaginary part is most significant to 

characterize optical properties of the materials. Both the materials show isotropic nature up to 2 

eV, which is due to bandgap of the materials. The first absorption edge starts at 1.7 and 1.9 eV for 

NaNbO3 and KNbO3 respectively, responsible for the direct transitions between valence and 

conduction bands at the Γ ponit. As imaginary part of dielectric function is related to transitions 

examined in the total and partial density of states.  Figure 5b shows five major peaks 2.2, 4.0, 6.2, 

8.0 and 12 eV for cubic structure of NaNbO3. The peaks 2.2, 4.0 and 6.2 eV are formed with O (p) 

→Nb (d-t2g) transitions and other peaks 8.0 and 12 eV are related to O (p) →Nb (d-eg) transitions. 

For tetragonal phase of KNbO3 crystal, main peaks arise at 4.0, 5.7, 6.3, 9.2 and 11.1 eV, first 

three peaks are formed due to O (p) →Nb (d- t2g)) and other two 9.2 and 11.1 eV are due to  O(p) 

→Nb (4d-eg) transitions. Consequently, above analysis of main peaks in the absorption spectra 

plays critical role in the computations of optical properties of both crystals. 

 

          
(a)                                                                                (b) 

 

Fig. 5. Real and imaginary parts of (a) cubic NaNbO3 and (b) tetragonal KNbO3 crystals. 

 

 

3.3.2. Electron energy-loss function, absorption function, reflective function,  

refractive function, and extinction coefficient 

The energy loss function is related to loss of fast electrons traversing in the compounds is 

plotted for NaNbO3  and KNbO3 in Fig. 6b these peaks are formed due to binding electron 

oscillations and interband or intraband transitions. The maxima for NaNbO3  and KNbO3 lies 

around 12 eV for both crystals. The energy loss function is related of plasmonic oscillations and 

scattering probability of volume losses. The reflectivity spectra are indicated in figure 6c, shown 

peaks same as that of dielectric function and it varies widely with photon energy. This makes 

possible to the compounds suitable for optical applications.  
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The refractive index 𝑛(𝜔) is related to dispersion of incident light and photons 

interactions with the crystals are plotted in figure 6d. When the value of refractive index lies 

between one and two, it is more effective in visible and ultraviolet region. As refractive index is 

alternative of real part of dielectric function and related with relation𝑛0
2 = 휀1(0). The value of 

𝑛(𝜔) starts increasing and reaches its peak value around 2.3 for cubic and tetragonal phase of 

crystals NaNbO3  and KNbO3 respectively. The extinction coefficient and imaginary part of 

complex dielectric function provide information about the absorption of light at band edges as 

shown in figure 6e. 

The optical conductivity is expressed as𝜎(𝜔) = 𝜎1(𝜔) + 𝜎2(𝜔), is the sum of real and 

imaginary part of as shown in figure 6f for NaNbO3  and KNbO3. The conductivity is calculated 

with dipole transitions in VBs and CBs. Upto 2 eV no peaks are found in plot, as this is linked 

with bandgap of the materials. 𝜎(𝜔) is also connected with frequency dependent of complex 

dielectric function as given 휀(𝜔) = 1 +
4𝜋𝑖𝜎(𝜔)

𝜔
.  The imaginary part of optical conductivity 

remains negative until at 5 and 6 eV and then approaches to positive as seen in figure. Optical 

transitions (Γ𝑣 − Γ𝑐) are responsible for real part of optical conductivity show six maxima.  

 

         
(a)                                                                       (b) 

 

           
(c)                                                                               (d) 

 

             
(e)                                                                                       (f) 

 

Fig. 6. Calculated optical spectra for NaNbO3 and KNbO3 crystals. (a) Absorption function (b) Energy-loss 

function (c) Reflectivity (d) Refractive index (e) Extinction coefficients (f) Optical conductivity. 
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4. Conclusions 
 

The study of structural, electronic and optical properties of cubic and tetragonal phase of 

NaNbO3, KNbO3 crystals respectively studied using first principled calculations. It is observed 

from band structure that both materials are small indirect bandgap semiconductors. The results of 

electronic properties of both cubic and tetragonal phase of crystals exhibit strong hybridization 

between O(s/p), Nb(s/p/d) and Na(p) and K(p) orbitals in NaNbO3, KNbO3. The optical properties 

such as absorption coefficient, energy loss function, reflectivity, refractive index, extinction 

coefficients and optical conductivity are calculated by GGA+U approximations for both phases.  

The spectral analysis indicate that strong absorption occur in the ultraviolet region mainly. 

So, both materials may be applied in the short wavelength optical devices as UV LEDs and UV 

detectors. For more effective applications as photocatalytic materials, large absorption must be lies 

in visible region which is greatest challenge. Further study for enhancement of optical properties is 

under considerations.  The current work focus on the cubic and tetragonal phase of NaNbO3 and 

KNbO3 crystals respectively, more work on other phases for the investigation of properties is also 

under consideration. 
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