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Abstract—The electronic and optical properties of the mixed-
crystal system lithium niobate–tantalate has been calculated from 
first principles. Based on density functional theory we calculate 
the electronic properties including quasiparticle effects within the 
GW approach. The optical response including electron-hole 
attraction effects is obtained from the solution of the Bethe-
Salpeter equation. While the band gap increase with increasing 
tantalum content and shows some bowing, a nearly linear 
dependence of the optical birefringence on the stochiometry is 
calculated. 
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I.  INTRODUCTION 
Lithium niobate (LN) and lithium tantalate (LN) are two 

isomorphic ferroelectric materials sharing several common 
properties. While LN is the most important electro-optic 
material typically used in optical modulators, acousto-optic 
devices, optical switches for gigahertz frequencies, laser 
frequency doubling, nonlinear optics, Pockets cells, optical 
parametric oscillators or Q-switching devices for lasers, LT 
serves as a LN replacement for shorter wavelength. 

Mixed LN-LT crystals (LNT, LiNb1-xTaxO3 crystals) have 
recently attracted the attention of the scientific community 
since they offer the possibility to tune the physical properties 
by varying the composition. Lithium niobate-tantalate is one of 
the simplest ferroelectric mixed crystals, which shows quite 
unusual physical properties. In particular, the existence of a 
composition with zero birefringence at room temperature is 
unique in ferroelectric nonlinear-optical materials. Indeed 
within this composition the crystal is optical isotropic and yet 
electrically polar [1,2]. 

Despite the huge potential in electro-optic and acousto-
optic devices and the extensive use of LN and LT, relatively 
little is known about the mixed-crystal system lithium niobate–
tantalate [3]. This is mainly due to the difficulty to grow 
compositionally homogeneous crystals with traditional 
methods such as the Czochralski growth from a lithium rich 
melt. In fact, despite the isomorphism of the compounds and 
the similar radii and valence of Ta and Nb, the large separation 
of the solid-liquid lines in the LN-LT phase diagram makes the 
crystal growth across the composition range a technically 
demanding task. However, the growth of homogeneous crystals 
by several techniques has been demonstrated recently.  

Recently we have shown that the optical properties of LN 
can be accurately calculated starting from density-functional 
theory by solving the Bethe-Salpeter equation (BSE) using 
quasi-particle corrections from the GW approach (GWA) [4]. 

Here we present calculations for the LNT electronic and 
optical properties including the optical birefringence. The 
applied methods are briefly explained in the section II. In 
section III we present the results. 

II. METHODOLOGY 
 

The calculation of the optical and electronic properties  
proceeds within the following three steps: (i) We use density 
functional theory in generalized gradient approximation (DFT-
GGA) to determine the structural and electronic ground state of 
the LNT crystals. Therefore, to simulate LNT crystals with the 
compositions x = 0.0, 0.25, 0.5, 0.75, and 1.0 we apply a 1x1x2 
rhombohedral super-cell containing 20 atoms. The structural 
parameters are obtained ab-initio by relaxing the ionic 
coordinates and fitting the Murnaghan equation of state [5] (see 
Ref. [21]). (ii) The electronic quasiparticle spectrum is 
obtained within the GWA to model the exchange-correlation 
self-energy, and finally (iii) the Bethe-Salpeter equation (BSE) 
is solved for coupled electron-hole excitations [6–8], thereby 
accounting for the screened electron-hole attraction and the 
unscreened electron-hole exchange [9–11].  

In detail, starting from first-principles projector augmented 
wave (PAW) calculations, we use the VASP implementation of 
the DFT-GGA [12, 13]. A 4x4x4 k-point mesh is applied to 
sample the Brillouin zone. The electron wave functions are 
expanded into plane waves up to an energy cutoff of 400 eV. 
The mean-field effects of exchange and correlation in GGA are 
modelled using the PW91 functional [14]. In the second step, 
we include electronic self-energy effects by a perturbative 
solution of the quasiparticle equation!" where the GGA 
exchange and correlation potential is replaced by the nonlocal 
and energy-dependent selfenergy operator !. Using the 
implementation described in [15] we calculate ! in the G0W0 
approximation [16] from the convolution of the single-particle 
propagator G and the dynamically screened Coulomb 
interaction W. 704 electronic bands per LN/LT unit-cell are 
included in the calculation of the self-energy operator. 

The electron-hole interaction is taken into account in the 
third step. The two-particle Hamiltonian 

���������	�
�������
��	�
����
��
�����



 

 

Figure 1.   (a) Dielectric constant !!="(#=0) for LNT crystals with x=0.0, 
0.25, 0.5, 0.75, 1.0 calculated within IPA. (b) Band gap at the center of the 
Brillouin zone $ calculated either within DFT-PW91 (black diamonds) or 
G0W0 approach (red triangles). 

 

 

Figure 2.  Electronic band structure of (a) LN and (b) LT calculated within 
DFT-PW91 (solid lines, black) and G0W0 approach (red triangles) given with 
respect to the valence band maximum. The notation of the high symmetry 
points is explained in Ref. [20].  Dashed lines guide the eye. The fundamental 
band gap is shown in orange. 
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describes the interaction of pairs of electrons in conduction 
states |ck! and holes in valence states |vk! [6,7,16]. The 
diagonal first part is given by the quasiparticle energies 
obtained in GW approximation. The second, the electron-hole 
exchange term, where the short-range part of the bare Coulomb 
potential 

! 

v  enters, reflects the influence of local fields. Finally, 
the third part, which describes the screened electron-hole 
attraction, is calculated using a model dielectric function as 
proposed by Bechstedt et al. [17]. Thereby we use the values  

 

Figure 3.  Refractive index obtained from the optical response calculated by 
solving the BSE (with G0W0 corrections) for LNT crystals with x=0.0, 0.5, 
1.0 for ordinary (solid, black) and extraordinary (dashed, red) polarization. 

 

 

Figure 4.  Calculated birefringence %n (diamonds)  for LNT crystals for 
&=632.8 nm (# =1.96 eV). Circles denote experimental values obtained by 
Wood et al. [2]. 

!!  shown in Fig. 1, obtained from optical independent-particle 
approximation (IPA) calculations, as input parameter. For the 
actual calculation of the polarizability, we use the time-
evolution implementation described in [18, 19]. 

III. RESULTS 
Based on the equilibrium structures determined within DFT 

(see also Ref. [21]) the electronic structure and optical response 
is calculated. In Fig. 1 the behavior of the averaged dielectric 
constants !!="(#=0) and the G0W0 band gap at the k-point 
$ are shown. Going from LN to LT the calculations show that 
the former is reduced moving nearly linear with x starting at 
6.01 and ending at 5.33. The G0W0 gap instead, is heightened 
starting at 5.41 eV for LN and ending at 5.65 eV for LT.  For 
x=0.25 we find a broad a minima for the gap, which is even 
more visible in the DFT-PW91 calculation. In the main, the 
inclusion of self-energy effects leads to a rough enhancement 
of the gap of about 2 eV for LNT crystals.  

Fig. 2 compares the electronic band structures for LN and 
LT. As can be expected from the structural isomorphism, in 
general, the band structures are similar. However, for LT the 
dispersion of the electronic bands is larger. 

The values for the dielectric constant and the direct gap at $ 
for LN are in agreement with our previous study Ref. [4], apart 



 

from a slight deviation due to the increased lattice constants 
compared to Ref. [4] (see Ref. [21]) and slightly different 
numerical parameters. An additional discussion about the LN 
band gap is given in Ref. [4] either. For LT and mixed LNT 
crystals, however, we are not aware of comparable ab-initio 
calculations or experimental data. 

Fig. 3 shows the refractive index n(#) obtained from the 
optical response calculated within BSE applying G0W0 
corrections for LNT crystals. Two features at about 5 - 8 eV 
and 9 – 11  eV can be found in the spectra. For increasing 
tantalum amount this features are slightly blue-shifted due to 
the increasing band-gap. The optical birefringence %n=(ne-no),  
where ne/no denotes the refractive index parallel/perpendicular 
to c, appear to be almost constant for photon energies below 5 
eV and changes its sign with increasing x from negative to 
positive. For &=632.8 nm (# = 1.96 eV) values for %n are 
given in Fig. 4. They depend nearly linear on x. The data show 
good agreement with measurements obtained by Wood et al. 
[2] for a temperature of 20°C. 
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