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The electronic structures and optical properties of KNbO3 were studied from the first principles using density functional 
theory. The energy band structures, dielectric function and optical constants of cubic and tetragonal phases are calculated 
using pseudopotential with local density approximation. A direct band gap at Γ point and an indirect band gap R- Γ point in 
the Brillouin zone are predicted for cubic and tetragonal phases. Both phases, the real and imaginary parts of the dielectric 
function and hence the optical constants such as reflectivity, refractive index, extinction coefficient, electron energy-loss 
function, effε (the optical dielectric constant) and effN (the effective number of electrons) per unit cell are calculated. The 

calculated spectra are compared with the experimental data in the orthorhombic phase and other theoretical results for  
KNbO3 and are found to be in good agreement with the results. 
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1. Introduction 
 
Ferroelectric and related perovskites having chemical 

formula ABO3 are interesting from their technical 
importance and the physics of their phase transitions [1]. 
Within this family of materials, one finds transitions to a 
wide variety of low-symmetry phases, including 
ferroelectric and antiferroelectric transitions. The ideal 
structure is cubic perovskite, where the A and B cations 
are arranged on a simple cubic lattice and the O ions lie on 
the face centers nearest the B cations. The B cations sits at 
the center of each oxygen octahedra while the A cations lie 
at the larger 12-fold coordinated sites between the 
octahedra. Their simple structures allow extensive 
theoretical investigation. The ferroelectric transition 
occurs as a result of a delicate balance between long-range 
Coulomb interactions and short-range forces. Thus this 
ideal structure displays a wide variety of structural 
instabilities in the various materials. These may involve 
rotations and distortions of the O octahedral as well as 
displacements of the cations from their ideal sites. The 
interplay of these instabilities accounts for the rich variety 
of ferroelectric and antiferroelectric behaviors. The 
dielectric and optical properties of the perovskites are very 
important. The energy gap lies in the visible region of the 
spectrum and this is one reason why these materials are 
interesting [2-5]. Thus, the optical properties of the 
perovskites are anisotropic and they are known to show 
the phenomenon of birefringence. The optical and 
dielectric properties of many of the perovskites have been 
measured extensively and accurately [6]. However, the 
theoretical treatment of the optical properties is lagging 
behind the measurements. This is partly due to the fact that 
when the measurements were made, a microscopic 
theoretical understanding was not available. With the 

advancement of the theoretical method to treat the 
electronic structure in combination with the development 
of fast computers, there are several first-principles 
methods available for calculation of optical, electronical, 
structural and dynamical properties of the perovskite. 

Potassium niobate (KNbO3) is one of the most studied 
members in the important class of perovskite structure 
ferroelectrics. Extensive theoretical and experimental 
studies have been carried out since the discovery of the 
ferroelectricity in this compound [7]. Due to its 
technological importance, KNbO3 has been subject to 
numerous ab initio electronic structure calculation. Like 
BaTiO3, KNbO3 undergoes three successive ferroelectric 
phase transitions, from cubic to tetragonal at 691 K, 
tetragonal to orthorhombic at 498 K, and orthorhombic to 
rhombohedral at 263 K.  KNbO3 has tetragonal symmetry 
between 498 and 691 K and is ferroelectric, which belongs 
to the P4mm- 1

4vC  symmetry group. At 691 K it undergoes 
a transition to cubic and paraelectric state having space 
group Pm3m- 1

hO [8].  Many of the calculation were based 
on the local density approximation (LDA) [9] combined 
either [10,11] with the linearized muffin-tin orbital 
(LMTO)[12] or with the pseudopotential method [13,14] 
as well as with the linearized augmented plane wave 
(LAPW) [15-17] scheme. Several ab initio self-consistent 
energy band structure calculations have been reported for 
KNbO3 [18-20]. Most of them were aimed at the 
description of the ground-state properties. We present here 
a detail calculation of the optical properties KNbO3 using 
one of the current state-of-the-art methods, namely, the 
pseudopotential method based on density functional theory 
in the local density approximation. The optical properties 
of ground state orthorhombic phase of KNbO3 have been 
studied experimentally [21]. Theoretical studies [22-25] 
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have been performed on both the orthorhombic and cubic 
phases of KNbO3. In this work, we have made first 
principles pseudopotential calculations of the electronic 
band structure and optical properties of KNbO3 in both the 
cubic and tetragonal phases. We have also made some 
comparisons with related experimental and theoretical  
data where available. 

 
2. Computational procedures 
 
All calculations were carried out within the local 

density approximation (LDA) of density functional 
method for cubic and tetragonal phase KNbO3. The self-
consistent norm-conserving pseudopotentials are generated 
using the Troullier-Martins scheme [26] which is included 
in the FHI98PP package [27]. Plane waves are used as a 
basis set for the electronic wave functions (in the 
perovskite structure there are five atoms per unit cell, and 
this structure is a very open structure; packing 
fraction=0.32). In order to solve the Kohn-Sham equations 
[28], the conjugate gradient minimization method [29] is 
employed as implemented by the ABINIT code [30-31]. 
The exchange correlation effects are taken into account 
within the Perdew-Wang scheme [32] as parameterized by 
Ceperly and Alder [33].  The DOS has been calculated by 
the method of tetrahedra [34]. The calculations have been 
performed considering the origin of the cell to be at K site, 
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, (0.5, 0.0, 
0.5)a, and  (0.0, 0.5, 0.5)a. The calculation were carried 
out using experimental data for lattice constants a = b = c 
= 4.0214 Å in the cubic phase. For the tetragonal structure, 
we used the crystallographic data with lattice constant of   
a = b = 3.997 Å and c = 4.063 Å [7].  The experimental 
ferroelectric structure is obtained from that by displacing 
the ions off center, by u. The experimental values [35] in 
units of c and keeping the origin fixed at Nb, are                       
uK = -0.023, uOI =-0.040, and uOII =-0.042, where the 
subscript OI refers to top and bottom oxygen ions in the 
basal plane of the octahedron. Pseudopotentials are 
generated using the following electronic configurations: 
For K 4s1 electron is considered as the true valence. For O 
only the true valence states (2s2 and 2p4) are taken into 
account. For Nb 4d4 5s1 the electron states are treated as 
valence states. The above configuration is found to be the 
optimized choice for these materials. 

The optical properties may be extracted from the 
knowledge of the complex dielectric function, ε(ω) = 
ε1(ω)+ i ε2(ω). The imaginary part, ε2(ω), was calculated 
from the momentum matrix elements between the 
occupied and unoccupied wave functions. The real part 
ε1(ω) of dielectric function ε(ω) follows from the Kramers-
Kronig relationship. In the tetragonal phase, ε(ω) is 
anisotropic and has two different components, εxx(ω) and 
εzz(ω), corresponding to the electric field perpendicular 
and parallel to c-axis, respectively. In our case, the plane-
wave kinetic energy cutoff has been raised to 35 eV, and 

using 8 × 8 × 8 the Monkhorts-Pack [36] k-point mesh 
grid. We have found that in the band structure calculations 
40 k points are enough to obtain good results for this 
transition-metal oxides. In the calculations of the density 
of states, however, the irreducible Brillouin zone was 
sampled with 512 k points for KNbO3.      

 
 
3. Results and discussion 
 
3.1. Structural parameters 
 
The theoretical lattice constants were obtained for the 

cubic by minimizing the ratio of the total energy of the 
crystal to its volume. In Table 1, we compare the present 
result for the lattice parameter of cubic KNbO3 with 
previous theoretical and experimental values. This is 
within the accuracy range of calculations based on density 
functional LDA. In the case of cubic KNbO3, comparisons 
of our results with the first principles work and with the 
calculated values suggest that our pseudopotentials are  
reliable and work slightly better. 
 
 

Table 1. Comparision of present result for lattice 
parameters  of   cubic  KNbO3  with  previous  theoretical  
                             and experimental values. 
 
                                        Lattice parameter      Error 
                                                    (Å)                   (%) 
(LDA)  PW-CA(this work)   a = 3.950            -1.77 
(LDA)  USP [37]                   a = 3.951            -1.75 
(LDA)  LAPW+LO [39]       a = 3.960            -1.52 
(GGA ) PBE[38]                   a = 4.009            -0.31 
(GGA) FP-LMTO[25]          a = 4.039             0.44 
LMTO-ASA[18]                   a = 3.940            -2.02 
LAPW+LO(WDA)[39]        a = 4.011            -0.26 
FP-LMTO[10]                      a = 3. 930           -2.28 
Exp. value at 698 K[7]         a = 4.0214               - 
(Extrapolated  value at 0K)[39] (a = 4.016)         - 
 

PW-CA: Perdew-Wang scheme as parameterized by Ceperly and Alder, 
USP: ultrasoft pseudopotentials, GGA: the generalized gradient 
approximation, PBE: Perdew Burke Ernzahof, LAPW+LO: linearized 
augmented plane-wave method with local orbital extensions, WDA: 
weight density approximation, LMTO-ASA: atomic sphere 
approximation of linearized muffin tin orbital method. FP-LAPW: full-
potential linearized augmented plane wave,  
 
 

We calculated the relaxed crystal structure of 
tetragonal KNbO3. The lattice parameters, a and c, were 
optimized by the minimization of the total energy. The 
lattice parameters of   KNbO3 in the tetragonal structure 
obtained using various exchange-correlation function are 
summarized in Table 2. We compare the present results for 
the lattice parameters of tetragonal KNbO3 with the first 
principles work and the calculated values. It is found to be 
in good agreement with the calculations. 
 



Suleyman Cabuk 
 
102 

Table 2. Comparision of present results for lattice 
parameters    of     tetragonal    KNbO3     with    previous  
                    theoretical and experimental values.  
 
                                Lattice parameter              Error 
                                           (Å)                          ( % )    
 (LDA)  (this work)        a = 3.950                    -1.17   
                                        c = 3.983                    -1.96 
 (LDA)  CA-PZ[33]        a = 3.939                    -1.45 
                                        c = 3.983                    -1.96 
(GGA)   PBE[38]            a = 3.984                   -0.32 
                                        c = 4.146                     2.04 
( GGA)  RPBE[45]         a = 3.932                    -1.62 
                                        c = 4.763                   17.22 
(GGA) PW91[32]           a = 3.983                    -0.35 
                                        c = 4.134                     1.74 
Experimental value[7]    a = 3.997                       - 
                                        c = 4.063                       - 

 
3.2. Band structure 
 
 The band structures and densities of states of KNbO3 

is plotted along high symmetry axes of the Brillouin zone 
for the cubic (Fig. 1) and tetragonal phase (Fig. 2). The 
energy scale is in eV and the origin of energy was 
arbitrarily set to be at the valence band maximum. High-
symmetry points in the Brillouin zone include: Γ (0,0,0); 
X(1/2,0,0); M(1/2,1/2,0); and R(1/2,1/2,1/2). The 
electronic structure of valence bands, the band gap, and 
low-energy conduction bands determine the most 
important properties of the material in electronic device 
application. In cubic structure, the bottom band between 
about -16 eV and -17 eV originates from O (2s) orbital. 
Nine valence bands near Fermi level between 0.0 and         
-5 eV are derived from O(2p) orbital. The valence band 
complex ranging from 0.0 to -5 eV is formed by p-orbitals 
of O(2p). The valence bands are separated from the 
conduction bands by a direct band gap of 2.395 eV at the 
symmetry point (Γ). It is clear that the band gap appears 
between the top-most valence band at R-point and the 
bottom-most conduction band at Γ-point. Our calculated 
value of the indirect band gap of KNbO3 is 1.460 eV. 
These calculated values are smaller than the experimental 
value of 3.3 eV [40]. The electronic structure of tetragonal 
structure in Fig. 2 is very similar to that of cubic structure, 
as may be expected. For tetragonal  KNbO3 the calculated 
indirect energy-band gap is found to be 1.504 eV and the 
direct band gap is 2.572 eV. Table 3 collects the values of 
the energy gap of KNbO3 with previous theoretical and 
experimental values. The optical band gap in both phases 
change by about 0.178 eV (direct band gap) and 0.040 eV 
(indirect band gap). The origin of these discrepancy may 
be the local density approximation which underestimates 
the band gaps even for insulators. There are some 
experimental complications in determining the exact band 
gap, including the optical absorption edge tails which 
extend to several tenths [1]. In cubic phase, the nine 

valence bands at Γ point are the three triply degenerate 
levels (Γ15, Γ25 and Γ15) separated by energies of 1.695 eV 
(Γ15- Γ25) and 0.231 eV (Γ25- Γ15). These splittings are 
produced by the crystal field and the electrostatic 
interaction between O (2p) orbitals. In the conduction 
band the triply ((Γ25’) and doubly (Γ12) degenerate levels 
represent t2g and eg states of Nb 4d orbitals separated by an 
energy of 3.847 eV. In the tetragonal phase, the nine 
valence bands are split into a triply (Γ15 = -2.844 eV), three 
doubly (-1.615, -1.214 and -0.982 eV) degenerate levels at 
the Γ point. In the conduction band, the two doubly (Γ25’ 
and Γ12) degenerate levels represent Nb 4d orbitals 
separated by an energy of 3.434 eV. This change in 
electronic band structure of KNbO3 with change of 
symmetry is also related to the availability of spontaneous 
polarization in the tetragonal phases. To further elucidate 
the nature of electronic band structure, we have also 
calculated the total densities of state of cubic (Fig. 1) and 
tetragonal (Fig. 2) KNbO3. The DOS for tetragonal and 
cubic phases of KNbO3 are quite similar, showing that the 
effect of tetragonality on band structure is very small, in 
agreement with Michael-Calendini and Meslard results 
[42]. 

 
 

Table 3. Comparison of theoretical and experimental band 
gap (in eV) of KNbO3  structure. 

 
                                            Cubic            Tetragonal 

Band gap Г-Г (this work)    2.395              2.572  
(direct)                                 2.20[23] 
                                             2.23[25] 
 
Band gap  Г-R (this work)   1.460              1.504  
(indirect)                              1.40[18] 
                                             1.58[25] 
                                             1.43[22] 
Experimental                       3.30[40]          4.42 [41]  

 
 

-1 6

-1 2

-8

-4

0

4

8

1 2

1 6

2 0

 

 

Γ
12

Γ
25 ∋

Γ
15

Γ
25

Γ
15

 

MΓ D O S (a .u .)RMΓ X 

E
ne

rg
y 

(e
V)

 
Fig. 1. Band structure along the high symmetry 
directions in  the  Brillouin zone and total density of state  
                                    in cubic phase.  
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Fig. 2. Band structure along the high symmetry 
directions in the Brillouin zone  and  total density of state  
                                 in  tetragonal phase. 

 
 

3.3. Dielectric function 
 
We calculated the optical properties of KNbO3 in the 

cubic and tetragonal phase. In cubic phase, the real and 
imaginary parts of dielectric function are shown in Fig. 3 
and 4 for KNbO3. The values of two main peaks of ε1(ω) 
curve are 3.23 and 2.94  at energy equal 7.58 and 8.66  eV, 
respectively, and for ε2(ω) are 2.13 and 2.99 at energy 
equal 8.10 and 8.87 eV, respectively. In Fig. 3 and 4 we 
have compared our calculated ε1(ω) and ε2(ω) spectra with 
experimental data [21] for KNbO3 in the orthorhombic 
phase. There is observed that the theoretical peak at 7.58, 
8.66 eV for ε1(ω) and 8.10, 8.87 eV for ε2(ω) are lower in 
amplitude than the experimental values (4.96, 8.34 eV for 
ε1(ω) and 5.08, 9.09 eV for ε2(ω)). These facts could be 
interpreted as being probably due to the neglect of 
excitonic and local field effects. Fig. 5 and 6 show the real 
and imaginary parts of dielectric functions for KNbO3 in 
the tetragonal phase along the a and c crystallographic 
axes. Symbols C, T_xx and T_zz refer to cubic, tetragonal 
crystallographic axis and tetragonal c axis, respectively. 
The general behavior of ε1(ω) for tetragonal phase curve is 
similar to that for cubic phase. The main peak of ε2(ω) for 
tetragonal phase curve has a peak in the range of 9.05 eV 
(a crystallographic axis) and 9.99 eV (c crystallographic 
axis). If we assume an orientation of the crystal surface 
parallel to the optical axis, the reflectivity of the crystal 
R(ω) derived from Fresnel’s formula is: 
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In the case of interband transitions, which consist 

mostly of plasmon excitations, the scattering probability of 
volume losses is directly related to the energy loss 
function [43].   
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Also, the optical functions such as the refractive index, 
n(ω), and the extinction coefficient, k(ω), are calculated in 
terms of the components of the complex dielectric function 
as follows: 
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Fig. 3. Imaginary part of the dielectric function for KNbO3 

        in cubic and orthorhombic phase. 
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Fig. 4. Real  part of the dielectric function for KNbO3 in  

       cubic and orthorhombic phase. 
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Fig. 5. Real and imaginary part of the dielectric function 
for   KNbO3    in     tetragonal     phase     along     the   a 
                               crystallographic axe. 
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Fig. 6. Real and imaginary part of the dielectric function 
for     KNbO3    in    tetragonal     phase     along    the     c  
                                 crystallographic axe. 

 
 

We calculated the spectral reflectivity, the refractive 
index, extinction coefficient and electron energy loss 
function with a simple independent program. The energy 
loss function is plotted for cubic and tetragonal phase in 
Fig. 7. These peaks can have different origins such as 
binding electron oscillations (plasmon) and interband or 
intraband excitations. In cubic phase, the energy of the 
maximum peak of Im(-ε-1) at 22.46 eV is assigned to the 
energy of volume plasmon. The first peak at 13.16 eV 
originates from O-2p to Nb 4d and second peak is at              
20.79 eV (surface plasmon). In tetragonal phase, the 
energy of the maximum of Im(-ε-1) is smaller than cubic 
phase and equal 22.23 eV (a-direction) and  20.94 (c-
direction). The reflectivity spectra are shown in Fig. 8. The 
calculated reflectivity are shown with curves, while 

crosses show the measured results [21]. The spectra 
exhibit peaks similar to those in the dielectric function. We 
find also that the reflectivity varies widely as a function of 
energy. This could possibly make the compound KNbO3 
suitable for a variety of optical applications. It is important 
to note that the discrepancy between the theoretically 
calculated reflectivity spectra and the experimental results 
[21] is perhaps due to the fact that the measured 
reflectivity is for orthorhombic KNbO3. The deviations 
may therefore reflect the strong charges in the Nb 4d 
derived conduction band produced by the displacements of 
atoms from their positions in the perovskite structure. The 
calculated refractive index and extinction coefficient of 
cubic and tetragonal phases are presented in Fig. 9, 10.  As 
can be seen from Fig. 9, 10 the normal dispersion is in the 
0-9 eV energy range. This is consistent with the results for 
ε2(ω) shown in Fig. 3. The photon energy range between           
9 eV and 24 eV corresponds to an absorption region. 

 
3.4. Sum rules and effective number of valence  
        electrons 
 
Another way to consider the number of electrons 

involved in the valence interband transition is to evaluate 
the sum rule [44]. The effective number of valence 
electron effN  and the optical dielectric constant effε , 
which make contribution to the optical functions of a 
crystal at the energy 0E ,  contribute per unit cell to a 
transition up to frequency ω can be calculated using the 
sum rule 
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where aN  is the density of atoms in a crystal. The 

physical meaning of effε  is quite clear: effε  is the 
effective optical dielectric function governed by interband 
transition in the energy range from zero to 0E , i.e., by the 
polarization of the electron shell. The calculated effective 
optical dielectric constant for KNbO3 is shown in                 
Fig. 11. effN  of cubic and tetragonal structure are very 

similar to each others. Both phases, effN  rise rapidly 
between 8 eV and 12 eV, and then there are another rise, 
and finally, saturation at a value near 25 eV. The 
experimental data rose almost monotonically on increase 
in the photon energy and show no tendency to saturation 
throughout the investigation energy range. Therefore, it is 
possible to select some independent criteria for estimating 
the number of valence electrons per unit cell. Our values 
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of effN  (calculated using the nominal ion charges) are of 
the same order of magnitude at these energies as the other 
calculated values. The photon energy dependence of the 

effε  obtained by us for KNbO3 is curve (Fig. 12) which 
can be separated into two regions both phases. The first is 
characterized by a rapid rise between 7.5 eV and 11 eV 
[experimental ~ 5 - 12 eV]. In the second region the 

effε rises more smoothly and slowly to saturation at 
energies 25 eV [exp. ~30 eV]. This mean that the greatest 
contribution to effε is made by the transitions 
corresponding to the bands between 7.5 and 11 eV (their 
contribution amount to 80 %) [exp. ~ 5 eV and ~10 eV, 
85%, respectively].      
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Fig. 7. Energy loss  function versus photon energy  
  for KNbO3. 
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                 Fig. 8. The reflectivity spectra for KNbO3. 

 
 

The contribution made to static dielectric function  
)0(ε   by optical transition at photon energies 0EE >  

makes  effε  to vary with the square of the refractive index 
2n  measured (or calculated) in the transparency range. 

The difference 02 ≠−= effn εδε  (ncubic≈2.35 [46], 

effε =2.4, =δε 3.12) shows the need to allow for the 

polarizability of deep-lying levels (semicore and core 
bands). 

Generally, we have performed the calculations over a 
wide energy range leading to very high energy transitions 
such that contributions originating from each of the atoms 
will be accommodated. It is to be noted that there are no 
experimental results for the optical properties for the cubic 
and tetragonal phase KNbO3. We expect that our 
theoretical studies will motivate experimental work aimed 
to investigate the optical properties of cubic and tetragonal 
structure of this compound.  

 
4. Conclusions 
 
We calculated the electronic and optical properties of 

KNbO3 in both cubic and tetragonal phases using an            
ab initio pseudopotential method with LDA. The DOS and 
band structure for tetragonal and cubic phases of KNbO3 
are quite similar, showing that the effect of tetragonality 
on band structure is very small. The cubic and tetragonal 
structures of KNbO3 are predicated to be indirect gap 
materials. Our results for electronic properties of both 
phases are shown to agree with other calculations and 
experimental findings. It is found that there is significant 
hybridization between Nb d and O p states in the 
compound. We have studied the optical properties such as 
the dielectric function, reflectivity, electron energy-loss 
function, effε  and effN  and compared with the 
experimental results at room temperature for KNbO3 in the 
orthorhombic phase. The optical constants for the two 
phases have noticeable small differences, suggesting that 
tetragonality leads to a significant change in the wave 
functions affecting the height and position of the peaks in 
the optical spectra. Using the band structure, we have 
analyzed the interband contribution to the optical response 
functions. It is found that the origin of the peaks in the 
dielectric function probably also explains the structures in 
the spectra of these optical functions. 
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Fig. 9. The refractive index of  KNbO3. 
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Fig. 10. The extinction coefficient of KNbO3. 
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Fig. 11. The calculated effective number of electrons ( effN )  

per unit cell of KNbO3. 
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Fig. 12. The calculated effective optical dielectric constant 
( effε )  per unit cell of  KNbO3. 
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