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ABSTRACT

Within the density functional theory framework, we investigate the structural, electronic, vibrational,
dielectric, piezoelectric and optical properties of hexagonal lithium iodate, including some nonlinear
response properties, like the nonlinear dielectric (electronic) susceptibility, the electro-optic tensor
and the Raman tensor. Beyond the comparison with available experimental data and the associated anal-
ysis, we predict the values of several properties or characteristics of this material, e.g. the phonon fre-
quencies with B symmetry, that are silent in both IR and Raman experiments, the Born effective
charges, for which a detailed analysis is performed, Raman susceptibilities and the decomposition of
the clamped electro-optic tensor in terms of the different modes. The agreement with available experi-
mental results is reasonable to excellent, depending on the property. The lattice parameters and macro-
scopic dielectric constants agree to the experimental ones within 2%. The Kohn-Sham electronic
bandstructure is predicted, but suffers from the well-known DFT band gap problem. Reflectivity spectra
computed with the density functional perturbation theory are in qualitative and quantitative agreements
with experiments for incident light along the two main hexagonal axes. The phonon frequencies at the
Brillouin zone center are, in average, 5.74% apart from the experimental one. The previous assignment
of Raman features is discussed, on the basis of our computed Raman spectra, including relative peak
heights. Finally, this study confirms theoretically the large nonlinear coefficients ds; and ds; of
—6.6 pm/V and —7.5 pm/V as well as its noteworthy piezoelectric and electro-optic properties that make

this material remarkable.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The lithium iodate (LilO3) crystal features a wide transparency
range and important nonlinear coefficients (around —7 pm/V),
acousto-optical and piezoelectric properties along with an easiness
in the growth process [1]. This crystal is used for generation of
347 nm light by Second Harmonic Generation (SHG) of ruby lasers
[2], for generation of 532 nm light by SHG of Ruby/Nd:YAG lasers
[3,4] and for piezoelectric sensors [5] but its highly hygroscopic
nature requires protection from moisture. LilO3; crystallizes into
two thermodynamically stable phases at room temperature: an
hexagonal closed packed o-phase that belongs to the P6; space
group [6,7] and a tetragonal p-phase with the P4,/n space group
[8,9]. The LilO; crystal undergoes a phase transition from the
a-phase to an orthorhombic phase at 520 K [10].

This first-principles study is focused on the hexagonal «-phase
because of its interesting optical properties: its large birefringence
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allows broad phase matching for SHG applications while its second
harmonic nonlinear coefficient ds; is comparable to the typical
LiNbO3 nonlinear reference crystal [11].

Hexagonal LilO3 has been previously studied experimentally for
its optical properties: the measured dielectric permittivities along
the hexagonal a and c axes are respectively 3.61 and 3.06. The contri-
bution of the lattice dynamic to the static permitivity is weak €%, =
8.2 and €%, = 6.4 with respect to other materials such as LiNbO; show
little contribution of the lattice to the static permittivity [12]. The
nonlinear coefficients d3; and ds33 of the crystal have also been deeply
analyzed with an important scattering of values ranging from 3.9 to
7.31 pm/V for d3; and from 3.9 to 4.6 pm/V for ds3 [13-17].

In contrast to the numerous experimental studies, there have
been very few theoretical studies of the LilOs; crystal. Let us
mention in particular the recent theoretical study by Gang et al.
[18] within the Density Functional Theory (DFT) [19] framework
using the Generalized Gradient Approximation (GGA) [20] and
Hamann norm-conserving pseudopotentials [21] to model the
electron-ion interaction. They have investigated the structural
and optical properties of hexagonal LilOs. In the present study,


http://crossmark.crossref.org/dialog/?doi=10.1016/j.optmat.2014.04.009&domain=pdf
http://dx.doi.org/10.1016/j.optmat.2014.04.009
mailto:samuel.pon@gmail.com
http://dx.doi.org/10.1016/j.optmat.2014.04.009
http://www.sciencedirect.com/science/journal/09253467
http://www.elsevier.com/locate/optmat

B. Van Troeye et al./Optical Materials 36 (2014) 1494-1501 1495

we use a similar level of theory and approximation for cell relaxa-
tion and total energy determination but we also study the lattice
vibrations, nonlinear and electro-optic coefficients, the reflectivity
and Raman spectra as well as the piezoelectric properties of the
crystal within the Density Functional Perturbation Theory (DFPT)
framework [22-26]. Raman intensities have been computed ab
initio for many other materials [27], even taking into account
excitonic effects in the case of silicon [28], but not yet for LilO
to the authors knowledge. The computation of electro-optic
coefficients has been performed in Refs. [24,29-32], for LiNbOs,
BaTiO3, PbTiOs3, IlI-V semiconductors, Zn-IV-N, compounds,
LiNbOs-type ZnGeO, and «-GeOs. However, only few of these
simulation results (LiNbOs;, BaTiOs; and PbTiO3;) have been
compared to experimental ones. As will be seen, the agreement
between theoretical and experimental electro-optic tensors is not
at the same level as ground-state properties. The availability of
such comparison for this remarkable material, constitutes an
additional benchmark for the formalism, both indicating the
qualitative reliability of the methodology, but also its quantitative
limits. The present study confirms numerous experimental find-
ings and shed a new light on this piezoelectric and highly nonlinear
material.

2. Calculation method

The structural properties of LilO3 are computed within the DFT
framework using the norm-conserving Trouiller-Martins type of
pseudopotential [33] generated with the fni98PP software [34]
and using a plane-wave basis set. In this work, two exchange-
correlation functionals are compared: the Perdew-Wang [35] form
of the Local Density Approximation (LDA) and the Perdew-
Burke-Ernzerhof parametrization of the Generalized Gradient
Approximation (GGA) [36]. In both cases, the Li pseudopotential
includes nonlinear core correction. The 2s! electrons of Li, the
2s22p* electrons of O and the 5s25p° electrons of I are treated
explicitly.

The convergence criteria for the structural properties have been
set to 0.5 mHa per atom for the total energy and 0.2% of relative
difference with the asymptotic value for the relaxed lattice param-
eters. The electronic bandstructure is considered as converged
when the average difference of the eigenenergies with respect to
an asymptotic band structure is less than 5 mHa. A kinetic-energy
cut-off for the plane-wave basis set of 40 and 60 Ha is required in
the case of LDA and GGA, respectively. A 4 x 4 x 4 Monkhorst-
Pack sampling [37] of the Brillouin zone is needed to achieve the
desired level of convergence.

The response-function calculations relative to the lattice vibra-
tions (phonons) and dielectric tensor are performed within DFPT.
An energy cut-off of 40 Ha and a 4 x 4 x 4 Monkhorst-Pack sam-
pling is required to converge the optical tensor to 0.05%, the static
permittivity and the average of Born effective charges to 1% of rel-
ative difference with respect to the asymptotic values for both
functionals. A scissor shift of 0.99 eV and 1.05 eV is used for GGA
and LDA to correct the intrinsic underestimation of the electronic
bandgap in DFT with respect to the experimental indirect bandgap
of 4.43 eV [38]. It has to be emphasized that this scissor correction
has only been used for the perturbations related to the electric
field.

The nonlinear properties are computed using a LDA nonlinear
kernel. A 6 x 6 x 6 Monkhorst-Pack sampling and a cut-off energy
of 40 Ha is needed to converge the nonlinear and electro-optic
tensors to 2% and 1% of the asymptotic values, respectively. To
converge the Raman susceptibilities to 2% and the phonon frequen-
cies to 1 cm™!, a cut-off energy of 80 Ha and the same 6 x 6 x 6
sampling are used. The same scissor shift as for linear properties

is also used for the calculations of the second-order susceptibility
tensor.

Finally, the piezoelectric properties of this material have been
investigated using both LDA and GGA functionals. For LDA, an
energy cutoff of 60 Ha and a 4 x 4 x 4 sampling are needed to con-
verge the piezoelectric coefficients to 5% of the asymptotic values.
A denser Monkhorst grid (8 x 8 x 8) as well as a higher cut-off
energy (80 Ha) are required to reach same level of convergence
for GGA functional.

All calculations have been done using the ABINIT software [39].

3. Results
3.1. Crystal structure and electronic bandstructure

In this section, the DFT results concerning the crystal structure
and electronic bandstructure are compared with available experi-
mental data. As already mentioned, the hexagonal phase of LilOs
presents the symmetry properties of the P63 spatial group. One
atom of I is arbitrarily fixed at reduced position (1/3, 2/3, 0).
Besides the a and c lattice parameters, the crystal can be character-
ized by four degrees of freedom shown in Fig. 1: the position of one
atom of Li along the z axis Li;(z), the position of one O atom
01(x,y,z). The bond length between O and I atoms AIO and the
rotation angle of the 103 complex 0 are also of interest and are also
defined in Fig. 1.

The relaxed a and c values for the hexagonal lattice parameters
are 5.497 A and 5.252 A using the GGA functional, and 5.292 A and
4.880 A using the LDA functional. The GGA results are in good
agreement with the experimental data of 5.482 A and 5.171 A [7]
with a maximal relative error of 1.54% whereas the LDA functional
is not as good as GGA to reproduce the experimental crystal struc-
ture. More results on the atomic positions are gathered in Table 1:
one can see that the internal parameters are also well reproduced
in GGA except for the relative position of the Li atom which is over-
estimated. GGA is again in close agreement for the rotation angle of
the 103 complex, while LDA overestimates it.

The DFT electronic band structures computed using relaxed
lattice parameters and atomic positions are shown in Fig. 2 for
LDA and GGA functionals. The resulting band gaps are reported

Fig. 1. Hexagonal LilO5 unit cell and labeling of the atoms. (Top) Labelling of the
axes and I-O distance AIO. (Bottom) Top view of the unit cell and labeling of the
rotation angle of the 105 complex 6.
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Table 1

(Upper): DFT geometrical parameters, compared with the room temperature exper-
imental ones. (Lower): DFT indirect I'—K and direct K—K electronic band gaps
compared to multiple experimental ones obtained at room temperature.

Internal parameters

Li(2) 01(x, ,2) AlO [A] 0[]
0.0860
GGA (this work) 0.4376 0.3382 1.84 16.3
0.1615
0.0767
LDA (this work) 0.4385 0.3391 1.78 28.5
0.1814
0.0936
Exp. [7] 0.3907 0.3440 1.82 15.8
0.1698
Band gap (Eg [eV])
Indirect Direct
GGA (this work) 3.44 3.62
LDA (this work) 3.38 3.66
GGA [31] 2.806 3.036
Exp. [1] 4.00
Exp. [1] 437
Exp. [38] 4.43
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Fig. 2. Computed electronic band structure of a-LilO3 using (Blue) LDA and (Grey)
GGA functionals. The indirect '—K band gaps are 3.44 eV and 3.38 eV for GGA and
LDA, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

in Table 1 and underestimate the available experimental data as
expected from this level of theory [19]. One can notice that there
is a difference between our results and the ones obtained by Zhang
et al. [31]. The results presented in this work are in better agree-
ment with experiments. This discrepancy may arise from different
sources: pseudopotentials, convergence criteria,... The LDA and
GGA band structures are in agreement for bands close to the Fermi

level with only a 0.06 eV difference on the indirect gap value. The
LDA band widths are stretched with respect to the GGA ones as a
result of the difference of lattice parameters.

3.2. Vibrational and dielectric properties

The linear properties obtained with DFPT are discussed in this
section. The computed dielectric permittivities are reported in
Table 2 and are compared with experiments. The results are
improved with respect to experiments when the scissor shift is
included to correct the band-gap underestimation. In the case of
GGA, the theoretical optical tensor coefficients are €57 = 3.56 and
€33 = 3.09. The maximal relative error with experiment is only
1.4% in this case. The GGA static permittivities are €7, = 9.45 and
€3; = 7.55 that compares reasonably well with the experimental
observations in the GHz regime [12], given the level of theoretical
approximation.

The Born effective charges have been computed with both func-
tionals and are presented in Table 3. For Li, the predicted dynami-
cal charges for both functionals are bigger than the nominal one,
especially in the xy plane. This is not the case for the I atoms, where
for both functionals the effective charges are smaller than the ones
of the purely ionic crystal. In the case of GGA, the effective charges
are in general smaller than in the case of LDA. One can see that LDA
seems to lead to a more anisotropic tensor with larger elements
than GGA.

In order to compare the Born effective charges to the nominal
charges, i.e. Li(+1), I(+5) and O(—2), these tensors have been sym-
metrized and their eigenvalues evaluated (see Table 3). Effective
charges obtained by a fit to the experimental data [41] have been
also reported.

Furthermore, we computed the eigenvalues of an “averaged” O
Born effective charge tensor (one third of the sum of Born effective
charge tensors of the three O atoms linked to one I). Thanks to
symmetries, two eigenvalues 1; = 4, with corresponding eigenvec-
tors (100) and (010) are thus degenerate. The resulting eigen-
values for this “averaged” effective charge tensor are then
/1 =-1.70 and /3 = —1.36 for LDA, 4; =—-191 and i3 = -1.62
for GGA.

The spread between the eigenvalues for Li, [ and O reveals the
strong anisotropy of the material; this also partly explains the dis-
agreement between the computed charges and the one obtained
by Cerdeira et al. [41] where only one value for the effective charge
by atom was used to describe the system. Still, our results are in
agreement for the charge associated to the I atom but disagree
for the charge associated to the Li and O atoms.

The phonon modes at the Brillouin zone center have been
classified according to their symmetries and are reported in Table 4
along with room temperature and low temperature Raman

Table 2

(Upper): The theoretical and experimental optical dielectric tensor are given. The
scissor shift allows for a closer match with experiment in the THz regime. (Lower):
theoretical and experimental static permittivity tensor.

Optical tensor [/]

E?C] 6(1}(1—5::is E?B 6§C3-scis

GGA (this work) 3.86 3.56 3.34 3.09
LDA (this work) 4.37 3.99 3.87 3.54
Exp. (THz) [40] 3.61 3.06

Static permittivity [/]

€ €3
GGA (this work) 9.45 7.55
LDA (this work) 10.1 8.2
Exp. (GHz) [12] 8.2 6.4
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Table 3
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(Left): Born effective charges computed using DFPT for the three atom types. The columns and rows correspond to the derivative of the energy with respect to an electric field and
to an atomic displacement, respectively. The effective charges of the other O atoms can be determined using the P6; symmetry. (Right): eigenvalues of the corresponding
symmetrized tensors. These values have to be compared to the nominal charges Li(+1), I(+5) and O(—2). The values from [41] are obtained by isotropic fitting to experiments.

Born effective charges [a.u.]

Tensor Eigenvalues Nominal Exp. [41]
GGA LDA
9/0&; 9/0&, 9/0&3 9/0&1 9/0&, 0/0&3 GGA LDA
Li /074 1.45 -0.21 0.00 1.39 -0.19 0.00 e 1.45 1.39 1 0.5
0/07; 0.21 1.45 0.00 0.19 1.39 0.00 J2 1.45 1.39
/073 0.00 0.00 1.09 0.00 0.00 1.05 I3 1.09 1.05
I /074 3.67 0.00 0.00 435 -0.12 0.00 M 3.67 435 5 3.66
/07, 0.00 3.67 0.00 0.12 4.35 0.00 Ja 3.67 435
/073 0.00 0.00 2.98 0.00 0.00 3.83 3 298 3.83
0, /011 -1.33 -0.26 0.34 -1.65 -0.35 0.52 M -1.32 —1.465 -2 -1.39
/07, -0.40 —2.08 0.23 —0.55 -2.18 0.38 J2 —2.55 -3.03
/073 0.50 0.80 -1.36 0.75 0.96 -1.63 3 -0.91 -0.97
Table 4

Phonon frequencies classified according to their symmetry representation. Experimental data obtained at room temperature [42] and at 10 K [43] are also shown.

Phonon frequencies (cm~1)

GGA LDA Exp. [42] Exp. [43]
A(TO-LO) 155-155 192-196 148 157-159
170-188 248-248 238 237-243
338-439 354-468 358-468 360-470
718-750 730-787 795-817 791.5-817
E{(TO-LO) 165-170 199-203 180 178-183
298-311 337-355 330-340 332-340
313-415 378-462 370-460 /-455
690-772 694-805 769-848 765-844
E, 75 129 98 102.3
202 230 200 212
256 318 332 292
325 353 347 346.5
686 702 765 761
B 138 165 / /
181 234
367 401
451 533
748 782

measurements. Some disagreements at low and high frequencies
can be pinpointed but can be partially explained by temperature
effects or by the use of pseudopotentials. There is on average a
difference of 5.74% for LDA and of 9.9% for GGA. In the case of
phonons, LDA pseudopotentials seem to perform better than GGA
ones for LilO;. The B modes are silent in both infrared and
Raman experiments, hence our data are predictions for these
frequencies.

In addition, the infrared reflectivity spectra has been investi-
gated using the dielectric permittivity [23,42]:
4T Sinap

Epto ) 53— (1)

€)= . ,
() Qo 4= w2 — 2 +iwly’

where o is the incoming photon frequency, Q, is the volume of the
unit cell, m is the index of the phonon mode, S, is the oscillator
strength tensor related to the mode m, w,, the phonon frequency
and I',, the damping factor related to the phonon lifetime. From this
expression, the reflectivity can be deduced for an electric field
aligned with the direction k:

2

1/2
— Cik -1 2
= e ?)
€ T

In order to reproduce experimental data, the same mode-
dependent phonon lifetimes as the ones proposed by Otaguro
and Wiener-Avnear [42] have been used (ranging from 12 to
60 cm~'). The computed reflectivities shown in Fig. 3 for both func-
tionals are in good agreement for most of the spectrum except for
the high frequency part. One should notice that the simulations are
done at fixed ion equilibrium positions while experiments are done
at non-zero temperature.

3.3. Raman spectra and nonlinear coefficients

The polarization can be decomposed into a Taylor series of the
electric field &; [24]:

Pi=P 4D 0 &+ D €€t (3)
J jk

where P; is the spontaneous polarization of the material, ;’ is the
linear dielectric susceptibility (which has been computed in the
previous section) and ;) is the second-order optical susceptibility.
The nonlinear tensor dy is defined as

dic = 2%, )
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Fig. 3. Computed reflectivity spectra with an incident light along the (upper panel)
x axis, and (lower panel) z axis, obtained within the framework of DFPT, in the
infrared regime. The continuous line, the dashed line and the dotted line correspond
to the results using LDA, GGA and to the experimental data [42], respectively.

and its components are summarized in Table 5. As for the case of
linear properties, the inclusion of a scissor shift improves the agree-
ment with experiment. The discrepancy between the theoretical
and the experimental value of ds3 can be explained by the underes-
timation of the c lattice parameter by the LDA functional.

Finally, the static limit of the Raman scattering of «-LilOs is pre-
sented. The Raman scattering efficiencies dS/dQ for each phonon
mode can be obtained from the following equation [24]:

dS  (wo - wp)*

h
do~ 4 |es'0‘m‘e0|27(nm+1)v (5)

20,

where my is the laser frequency, w,, is the frequency of phonon
mode m, e; and e, are the polarizations of incoming and outgoing
electromagnetic waves, respectively, n,, the Bose-Einstein distribu-
tion function, o, the Raman susceptibility and @ is the angle of
collection in which the outgoing photon is scattered. The Raman
intensity is defined as I = C dS/dQ where C is constant. Tradition-
ally, in the literature, the Raman intensities are presented in
arbitrary units: we will therefore always present I/l ax.

The Raman susceptibility corresponds to the variation of the
dielectric permittivity with the atomic position perturbation cre-
ated by the phonon and can be computed in the static limit using
DFPT [24]. This tensor takes different forms depending on the
mode symmetry [42]:

041 0 0
Az)=10 oa; O
0 0 0l
0 0 041 0 0 —0
Eix)=]10 0 o], Ei(y)=1]0 0 oy
o oy O -0 o O
o 0 0 0l -0y O
Exc=10 -—-o 0 y E, = -0 —0 0
0 O 0 0 0 0

while for E; modes, one has to notice that only the sum of the
square of these coefficients have a physical meaning. The corre-
sponding values of these coefficients are reported in Table 5.

The phonon lifetime which contributes to a broadening of the
Raman peak in the spectrum are not taken into account in this

Table 5

(Top) Computed and experimental nonlinear tensor coefficients di3; and dss.
Experiments from [14] performed with a laser wavelength of 2.12 um. (Bottom)
Phonon frequencies and their Raman susceptibilities classified according to their
symmetry. 107> a.u. corresponds to 7.6218 x 10° (m/kg)!/? in SI units.

Nonlinear coefficients (pm/V)

ds d31.5cis ds3 d33.scis
LDA (this work) -9.9 —6.6 -11.2 -7.5
Exp. [14] _6.43 —6.41
Raman susceptibilities (107> a.u.)
w (TO-LO) o ol
TO LO TO LO
A 192-196 -33 -23 -2.8 -1.4
A 248-248 4.4 43 55 5.9
A 354-468 49 4.6 8.55 6.2
A 730-787 2.6 2.2 2.2 1.8
Eq 199-203 -1.8 -04 -1.7 -1.5
E, 337-355 -1.1 7.7 -03 5.9
Eq 378-462 -1.5 -14 -33 -34
Eq 694-805 -4.7 -12 -39 -7.6
()] o %)
E, 129 2.2 1.2
E; 230 -0.6 0
E; 318 -1.1 0.3
E; 353 -3.1 3.5
E, 702 25 5.0

simulation, we propose Dirac delta functions located at phonon
frequencies. These delta functions are weighted by the theoretical
intensities.

The available experimental Raman spectra are obtained with a
laser frequency @y of 514.5nm at either 12K or 298.15K
[42,43]. The computed Raman spectra are presented in Figs. 4
and 5, where the notation h(ij)k refers to the propagation direc-
tions of the incident and scattered photons through h and k,
respectively and to their polarization through i and j.

In this section, we will discuss the theoretical peak intensities.
First, the spectrum for E; modes is in qualitative agreement with
the experiment (Fig. 4) and the relative intensities are very well
reproduced. The changes of intensities related to the broadening
can be the reason of the quantitative disagreement.

For the A(TO) modes (Fig. 4b), the agreement between exper-
iments and theory is less convincing. The high frequency peak is
the most important in both cases but for low frequencies the
relative intensities deviates, even qualitatively, from experi-
ments. Similar conclusions apply for the A(LO)+E, modes
(Figs. 4c and 5a) where the 787 cm™! mode intensity seems to
be overestimated. However, the other modes are in qualitative
agreement with experiments. The theoretical spectrum for the
E; modes (Fig. 5b) matches relatively well the experimental
one.

The differences between the results of this work and the exper-
iments could come from different sources: the relaxed lattice
parameter ¢ mismatch, the temperature effect (broadening of the
peaks) or the fact that the laser frequency is not negligible com-
pared to the band gap and thus could lead to pre-resonance effects.
Finally, large discrepancies are observed between different
experimental room temperature results for measured relative
Raman intensities [42-45]. For example, Otaguro et al. assigned
the third E; mode to 332 cm™~' while Melo and Cerdeira reported
342 cm~! and 346 cm™ L.

The electro-optic (EO) effect or Pockels effect corresponds to the
modification of refractive index due to the application of an
external electric field. It is characterized by the linear EO coeffi-
cients ri:
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(a) Raman spectrum for the X(ZX)Y. (Blue) E, modes
(Red) A(LO) modes. Experimental measurements
have been performed at12K [43].
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configuration. (Blue) A(TO) modes.
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Fig. 4. Theoretical Raman spectra obtained by DFPT and comparison with exper-
imental data. Measures have been performed at room temperature [42]. Artifacts
from crystal misorientation are reported by an asterisk while zooms are reported as

(c) Raman spectrum for the X(ZX)Y
configuration. (Blue) E, modes

(Red) A (LO) modes.

(xy) where 7 is the magnification.

(b) Raman spectrum for Z (YY) VA configuration.
(Blue) E = (TO) modes (Red) EI(LO) modes.
Measures have been performed at room temperature[42].

Fig. 5. Theoretical Raman spectra obtained by DFPT and comparison with exper-
imental data. configuration. Artifacts from crystal misorientation are reported by an
asterisk while zooms are reported as (x7) where y is the magnification.

*‘),,-é;rkak (6)

where & is a low-frequency or static electric field. In hexagonal
LilOs, there are 4 independent electro-optic coefficients (in Voigt
notation): ryy, 33, 41 and r4. This response can be decomposed
into three contributions [11]: an electrical part, an ionic one and a
piezoelectric one. In this work, we examine the case of clamped
cells: the cell parameters are not allowed to change as the electric
field is applied. The piezoelectric contribution thus vanishes. Exper-
imentally, it corresponds to an applied electric field of frequency
above ~100 MHz [24].

The electro-optic coefficients for the clamped case rfj are
reported in Table 6 along with the experimental data. The pre-
dicted mode by mode decomposition and electronic contribution
are also presented.
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Table 6

(Upper): Decomposition of the clamped electro-optic tensor for hexagonal LilOs. The
contributions of each zone-center phonon modes as well as the electronic contribu-
tion are reported. Experimental data available at room temperature and for high
frequencies (above the acoustic resonances) are also presented. (Lower): theoretical
electro-optic coefficients for LiNbOs3, PbTiOs, BaTiO3 and experimental data from the
litterature.

Electro-optic coefficients (pm/V)

A modes E; modes
T 3 et Ta
TO, 192 0.81 0.88 199 0.56 -0.12
TO, 248 -0.17 -0.31 337 0.46 3.10
TOs 354 2.04 4.56 378 0.46 -0.44
TO4 730 197 2.07 694 -0.66 1.70
EL 2.09 3.02 0.00 2.36
Tot. 6.75 10.22 0.82 6.60
Exp. [11] 41106 6.4+1 14+02 33+0.7
Exp. [42] 58+1.2
Electro-optic coefficients (pm/V)
&l 3 D 5
LiNbO3 LDA [24] 9.67 26.93 4.55 14.93
Exp. [1] 8.6 30.8 3.4 28
PbTiOs LDA [24] 8.98 5.88 30.53
Exp. [46] 13.8 5.9
BaTiO; LDA [24] 8.91 2227
Exp. [47] 10.2 40.6
Exp. [1] 8 28

One can see that only the A modes couple to r$; and r3; while
only the E; modes contribute to rj, and r5,. The negligible elec-
tronic contribution to the EO coefficient r; is also noticeable. Each
mode contributes to the electro-optic effect, especially the mode
A(TOs) to 3, and the mode E{(TOy) to r5,. The results approach
the experimental results from Ref. [11] with a maximal relative
difference of 40%.

For comparison, EO coefficients for ferroelectric materials
(LiNbOs3, PbTiO3 and BaTiOs3) obtained with the same ab initio tech-
nique [24] are reported in Table 6 as well as the corresponding
experimental data. Although good agreements are obtained for
r3;(PbTiO;) and r3,(BaTiO;), larger discrepancies (~47%) are
observed for r3,(BaTiO;) and r3, (LiNbO;).

The difference between experiments and theory may come
from multiple sources. First, the results depend on the choice of
pseudopotentials. Secondly, the lattice parameter c is underesti-
mated in our simulation and the optical dielectric constant
overestimated. Thirdly, the computation are performed at fixed
ion position while experimental values are obtained at room
temperature.

Finally, it has to be emphasized that the experimental measure-
ments of the EO coefficients are extremely sensitive to the temper-
ature [48] as well as to the stoichiometry of the crystal and its defect
concentration [49]. As LilO3 properties strongly depend on the crys-
tal growth conditions [50], variations of the EO coefficients are thus
expected between specimen grown from different conditions,
although no study on this topic have been performed to the authors
knowledge. This computation provides a prediction of the EO coef-
ficients for pure hexagonal LilOs crystal. The predictive power of this
technique is then limited by the previously cited factors.

3.4. Piezoelectric properties

The electric displacement field is linked to the strain #; and to
the electric field &; by the following formula:

D= e+ Y € 7)
] ]

Table 7
Computed piezoelectric tensors for both LDA and GGA functionals as well as
experimental data available.

Piezoelectric tensor (C/m?)

€13 €33 €41 €42
LDA (this work) 1.14 1.54 -0.13 1.26
GGA (this work) 0.92 1.28 -0.07 1.10
Exp. [51] 0.65 0.97 0.10 0.89

where e;; is the piezoelectric tensor. In the case of hexagonal LilO3,
the piezoelectric tensor has only 4 nonzero components: e;3, €33, €41
and es. They are reported in Table 7 for both LDA and GGA
functionals and compared with the experimental data available.

GGA and LDA reproduce the experimental tendencies but over-
estimate the piezoelectric coefficients. Nevertheless, one can
notice that GGA lies closer to experiment than LDA.

4. Conclusions

In this work, first-principle simulations of linear and nonlinear
properties of «-LilO; are performed. First of all, the lattice param-
eters reproduce experiment within 1.57% using a GGA functional.
Linear properties of LilO3 are well reproduced using DFPT tech-
niques. For instance, the optical tensor coefficients in GGA match
experimental results (within 2%) when a scissor shift is used and
the reflectivity is well reproduced for a wide range of frequencies
in the infrared regime.

For nonlinear properties, the second-order dielectric suscepti-
bility tensor presents a similar agreement (2.6% of error). Qualita-
tive agreement on the Raman spectra is noticed. However, there is
still room for future works since many effects can affect the results
such as the first-principle inclusion of the temperature dependence
[52].

Tendencies for the EO coefficients are reproduced and the
agreement with experiments is similar to other works where
relative differences can reach value as high as 50%.
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