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Abstract—The dielectric function and second harmonic 
generation of ferroelectric LiNbO3 is calculated from first-
principles. Thereby we start from the electronic structure 
calculated within the density functional theory. The use of the 
GW approach to account for quasiparticle effects and the 
subsequent solution of the Bethe-Salpeter equation leads to a 
dielectric function that is in excellent agreement with the 
available experimental results. Our second harmonic generation 
calculations rest on the independent particle approximation and 
predict strong non-linear coefficients, in particular in the energy 
range starting from 1.5 eV.  
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I.  INTRODUCTION  
The electro-optic, photo-refractive, and nonlinear optical 

properties of lithium niobate (LiNbO3, LN) are exploited in a 
number of devices such as modulators for fiber-optic 
communications systems or holographic applications. LN, see 
Refs. [1, 2] for tutorial papers on its physical properties, occurs 
in two phases of trigonal symmetry with ten atoms per unit cell. 
The ground-state is ferroelectric with space group R3c. 

Given the vast range of LN applications, our knowledge 
about its electronic and optical properties is surprisingly 
limited. For example, we are not aware of a measured 
electronic band structure. The direct band gap of 3.78 eV for 
the ferroelectric phase – frequently cited in the literature – is 
actually concluded from optical experiments [3]. Therefore it is 
affected by electron-hole attraction effects, which may reduce 
the size of the actual band gap, i.e., the difference between the 
ionization energy and the electron affinity, substantially. The 
situation is additionally complicated by the fact that a number 
of different band gap values have been reported, all concluded 
from optical absorption experiments. They range from the 
indirect gap of 3.28 eV reported in Ref. [4] to values of 4.0 or 
4.3 eV [5, 6]. Recent theoretical work suggests that the band 
gap to be substantially larger, of the order of 4.7 - 6.5 eV [7, 
8].The optical absorption experiments mentioned above as well 
as further studies, e.g., Ref. [9] focus mainly on the onset of the 
absorption. We are aware of only two studies that address the 
linear optical absorption in the vacuum ultraviolet (VUV) 
domain [10, 11]. Second harmonic generation (SHG) 
measurements for photon energies up to 3 eV have been made 
by Ref. [40,41]. 

On the other side, the theoretical understanding is also 
limited. Up to date, a number of first-principles studies are 
available on the LN structural and vibrational properties, see, 
e.g., Refs. [12–14], that basically explain the measured phonon 
modes. The structural and vibrational properties of LN surfaces 
have been explained recently by means of atomistic 
simulations [15–17]. Also, the ferroelectric phase transition 
was modeled with molecular dynamics [18]. Only few 
calculations, see, e.g. Ref. [19], address the optical and 
electronic properties. Most first-principles band-structure 
calculations, e.g., Refs. [14, 20], are based on a single-particle 
picture and neglect quasiparticle effects that typically widen the 
band gap between occupied and empty states by a large 
fraction of its value [21]. An early theoretical study by Ching et 
al. [22] indicates the importance of self-energy effects: Using 
the approximate Sterne-Inkson model [23], they predicted self-
energy corrections of the order of one eV. However, the single-
particle gap in Ref. [22] is much smaller (2.62 eV for the 
ferroelectric phase) than in the more recent studies [20] (3.69 
eV) and [14] (3.48 eV). Recent work by Schmidt et al. [7] 
indeed indicates a very strong influence of excitonic and local-
field effects on the LN optical absorption. While the 
calculations in Ref. [7] explain the essential features of the 
measured optical absorption [10, 11], their predictive power is 
limited, due to the use of a model dielectric function [24] for 
the description of the screened Coulomb interaction W in the 
GW approximation. In particular, the possible influence of 
lattice polarization effects [25] on the LN electronic and optical 
excitations could not be satisfactory clarified in Ref. [7]. Akkus 
et al. calculated the second harmonic generation response 
coefficients of LN and other ferroelectrics [42]. 

The present work goes significantly beyond previous 
theoretical work because for the first time the self-energy 
effects in the optical absorption are addressed from first-
principles, i.e., in the random phase approximation (RPA). 
Additionally, we present SGH spectra calculated within the 
independent-particle approximation (IPA) [26]. The calculation 
of the optical absorption occurs in three steps: (i) We use 
density functional theory in generalized gradient approximation 
(DFT-GGA) to determine the electronic ground state of 
ferroelectric LN. (ii) The electronic quasiparticle spectrum is 
obtained within the GW approximation (GWA) [27] to the 
exchange-correlation self-energy, and finally (iii) the Bethe- 
Salpeter equation (BSE) is solved for coupled electron-hole 
excitations [28–30], thereby accounting for the screened 



electron-hole attraction and the unscreened electron-hole 
exchange [31–33].  

II. METHODS 
In detail, we start from first-principles projector augmented 

wave (PAW) calculations, using the VASP implementation of 
the DFT-GGA [34, 35]. A 6×6×6 k-point mesh is used 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 
modeled using the PW91 functional [36]. In the second step, 
we include electronic self-energy effects, i.e., replace the GGA 
exchange and correlation potential by the nonlocal and energy-
dependent self-energy operator Σ(r,r’; E). We calculate Σ in the 
GW approximation [27], from the convolution of the single-
particle propagator G and the dynamically screened Coulomb 
interaction W. Thereby we consider 608 electronic bands (30 
valence bands and 587 conduction bands) to calculate the 
Green function G. The Coulomb interaction is calculated from 
first-principles, with the screening evaluated in the random 
phase approximation [39]. The electron-hole interaction is 
taken into account in the third step. The two-particle 
Hamiltonian 

 
Hvck, ′ v ′ c ′ k = (εck −εvk )δv ′ v δc ′ c δk ′ k +

2 drd ′ r   φck
* (r)φvk (r)v (r − ′ r )φ ′ c ′ k ( ′ r )φ ′ v ′ k 

* ( ′ r ) −

drd ′ r   φck
* (r)φ ′ c ′ k (r)W (r, ′ r )φvk ( ′ r )φ ′ v ′ k 

* ( ′ r ),

     (1) 

describes the interaction of pairs of electrons in conduction 
states |ck> and holes in valence states |vk> [31–33]. 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. [24]. Thereby we use the value 
ε�=7.01, obtained from optical IPA calculations, as input 
parameter. For the actual calculation of the polarizability, we 
use the time-evolution implementation described in [37, 38]. 
For numerical reasons, the inclusion of many-body effects is 
not yet possible for calculations of the LN nonlinear optical 
properties. Therefore we present calculations based on the 
independent-particle approximation. In detail, we use the 
approach outlined in Ref. [26], specifically Eq. 32 for the 
calculation of the second-harmonic generation spectra. 

III. RESULTS 
In Fig. 1 we plot the electronic band structure and density 

of states of ferroelectric LiNbO3 calculated within the DFT 
(solid lines) and with GW corrections (dotted lines). The direct 
band gaps at Γ of 3.39 eV (DFT) and 5.42 eV (DFT+GW) are 
in very good agreement with previous calculations [7]. Strictly 
speaking LN appears to have an indirect band gap, with the 
valence band maximum slightly off-Γ. However, the uppermost 
valence band is relatively flat, so that LN can be approximati- 

 
Figure 1. (color online) Electronic band structure (a) and density of states (b) of 
ferroelectric LN calculated within DFT-PW91 (solid lines, black) and GW 
correction (red circles, dotted shaded region). To guide the eye, the circles are 
connected by dotted lines. The gray region shows the main electronic band gap. 

 

vely regarded as a direct semiconductor at Γ. The electronic 
ground state in Fig. 1 is the starting point for the further 
calculations 

In Fig. 2 we show the optical spectra calculated for 
ferroelectric LN according to the three levels of theory, i.e., 
DFT-GGA, GWA, and BSE. The spectrum obtained within 
DFT-GGA for ferroelectric LN agrees roughly with earlier 
independent-particle results [20, 22]. There are two main 
features of the optical absorption centered at about 5 and 8 eV. 
They arise from transitions between O 2p and Nb 4d states [7]. 
The inclusion of the many-body electron-electron interaction in 
GWA, i.e., the electronic self-energy, leads to a nearly rigid 
blue-shift of the spectra by about 2 eV.  

 

 

Figure 2. (color online) Imaginary part of the dielectric function of                       
of ferroelectric LN for (a) ordinary (perpendicular to c, ε⊥) and (b) 
extraordinary (parallel to c, ε||) polarization calculated within the IPA (dotted), 
IQPA (dott-dashed) and BSE (with GW corrections) (dashed) compared to 
experimental measurements (solid) of Ref. [11]. 



The Coulomb correlation of electrons and holes, accounted 
for by solving the BSE, changes the line shape somewhat. The 
first peak of the low-energy main feature of the optical 
absorption becomes more pronounced and the whole feature is 
red-shifted compared to the GWA spectrum. It is now 
positioned at 5.5 or 5.6 eV for εĵ  or ε||, respectively. The 
oscillator strength of the originally rather broad (� 2 eV) high-
energy main feature of the optical absorption is red-shifted and 
transferred into a single sharp peak at about 9.3 eV (for εĵ and 
ε||). Compared to the experimental data for the ferroelectric LN, 
where absorption peaks at 5.3 – 6 and 9.2 – 10 eV are observed 
[10, 11], the inclusion of self-energy and excitonic effects 
improves the theoretical description substantially. This 
concerns both the peak positions and the line shapes, which 
sharpen due to the inclusion of excitonic effects. Interestingly, 
the experimental observation that the first absorption peak is 
broader for εĵ than for ε|| in ferroelectric LN [11] is reproduced 
in the calculations that account for electron-hole interactions 
much more clearly than on the single-particle level of theory. 
Since in the present work no lattice polarization effects are 
taken into account, the excellent agreement between measured 
and calculated data suggests that they are of minor importance. 

In Fig. 3 we report the SHG spectrum calculated within the 
IPA approximation. Shown are the real part, imaginary part, 
and absolute value of χ2

333 coefficients in the range up to 3 eV. 
Comparable experimental values for d33=|χ2

333|/2 are given in 
Table 2 of Ref. [40]:  The values d33=34 – 42, 27, 25, 20 pm/V 
for wavelength 1.058, 1.064, 1.150, and 1.318 ȝm are 
underestimated in our calculations (values between 8 and 10 
pm/V have been obtained). While of the same order of 
magnitude than the data measured in Ref. [40], there are 
noticeable differences. While we note some scatter in the 
experimental results, we cannot, at present, exclude that the 
neglect of many-body effects and/or numerical limitations are 
responsible for these differences. Concerning the first, in Ref. 
[26] a strong impact of the electronic self-energy on the 
calculated SHG spectrum of GaAs was noted. Work is 
presently in progress to clarify the influence of self-energy 
effects on the SHG values calculated for LN. 

 

 
Figure 3. Real part, imaginary part, and absolute value of the χ2

333 coefficients 
of ferroelectric LiNbO3 calculated within the IPA approximation. The inset 
shows dependence of |χ2

333 | at 1.0 eV on the bands cutoff TB. 
 

Concerning the numerical limitations, the deviation from 
the experiment is partially attributed to the strong dependence 
of the absolute value of χ2

333 on the number of contributing 
bands, which are determined by a bands cutoff |İn(k)-İn’(k)| < 
TB (see inset of Fig. 3). On the other hand the latter increases 
the numerical effort for the calculation of the SHG spectrum. 
Our data are in qualitative agreement with the calculations of 
Ref. [42]. 

To summarize, we performed first-principles calculations of 
the LiNbO3 optical properties. In case of the calculated 
dielectric function a large influence of many- body effects is 
observed. In particular, strong excitonic effects with exciton 
binding energies of the order of 0.5 eV are predicted. The 
calculations are in excellent agreement with the available 
measured data. Also, calculated SHG spectra are present. Large 
optical anisotropies are predicted for photon energies starting 
from 1.5 eV. 
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