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Abstract—The linear and nonlinear optical properties of
ferroelectrics AgBO; (B=Ta, Nb) are studied by density
functional theory (DFT) in the local density approximation
(LDA) expressions based on first principle calculations
without the scissor approximation. Specially, we present
calculations of the frequency-dependent complex dielectric
function &(w), and the second harmonic generation

response coefficient (20, w, ) over a large frequency
range in rhombohedral phase for the first time. The
electronic linear electrooptic susceptibility ;@ (-0, .0) is
also evaluated below the band gap. These results are based
on a series of the LDA calculation using DFT.
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1. INTRODUCTION

Nowadays, nonlinear optics has developed a field of major
study because of rapid advance in photonics [1]. Nonlinear
optical techniques have been applied to many diverse
disciplines such as condensed matter physics, medicine and
chemical dynamics. The development of new advanced
nonlinear optical materials for special applications is a crucial
importance in technical areas such as optical signal processing
and computing, acousto-optic devices and artificial neuro-
network implementation. There are intense efforts in
experimenting, fabricating and searching for various nonlinear
optical materials including ferroelectrics and related
compounds. However there is comparatively a much smaller
effort to understand the nonlinear optical processes in these
materials at the microscopic level. Theoretical understanding
of the factor that control the figure of merit is extremely
important in improving the existing electrooptic (EO)
materials and in the search for new ones [2].

In this paper, we describe details calculations of the linear
and nonlinear optical properties, includes linear electro-optic
tensor for AgBO; ferroelectrics with oxygen octahedral
structure.

II. COMPUTATIONAL DETAILS

The nonlinear optical properties of AgBO; were
theoretically studied by means of first principles calculations in
the framework of density functional theory (DFT) and based on
the local density approximation (LDA) [6] as implemented in
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the ABINIT code [3,7]. The self-consistent norm-conserving
pseudopotentials are generated using Troullier-Martins scheme
[8] which is included in the Perdew-Wang [9] scheme as
parameterized by Ceperly and Alder [10]. For calculations, the
wave functions were expanded in plane waves up to a kinetic-
energy cutoff of 42 Ha for rhombohedral AgTaO; and 70 Ha
for orthorombic AgNbOs;. Pseudopotentials are generated using
the following electronic configurations: For Ag[Kr], the
4d'%5s'electron is considered as the true valence. For Nb[Kr],
4d* 55!, and for Ta[Xe], 6s% 5d° electron states are treated as
valence states. For O, only the true valence states (2s> and 2p*)
are taken into account. The Brillouin zone for both compounds
was sampled using a 8 x 8 x 8 the Monkhorst-Pack [11] mesh
of special k points.

III. RESULTS

A. Electronic Band Structure and Density of State (DOS)

AgBO; (B=Nb, Ta) has a R3c and Pmc2, symmetries,
respectively. The unit cell for AgTaO; contains two formula
units with 10 atoms and the unit cell for AgNbO; contains
eight formula units with 40 atoms. The calculated electronic
band structures and total DOS are shown in Fig. 1 and Fig. 2.
For AgTaOs; the lowest point of the conduction band is at the
D high symmetry point of the BZ, and the highest point of the
valence band is at the X high symmetry point of the BZ. It is
an indirect band gap material. AgNbO; is isostructural
material and its band dispersion behave very similarly (Fig. 1)
to AgTa0O;. For AgNbO; the lowest point of the conduction
band is at the S point of the BZ, and the highest point of the
valence band is at the T point of the BZ. The calculated
indirect band gaps of AgNbO; and AgTaO; are 1.51 eV and
1.79 eV, respectively. These values smaller than the
experimental values (AE = E, - E;;=1.29 ¢V and 1.64 eV for
the AgNbO; and AgTaO;, respectively) [12]. This is not
surprising, because it is well known that the band gap
calculated by DFT is smaller than that obtained from
experiments. This error is due to the discontinuity of
exchange-correlation energy [3]. For AgTaO; and AgNbOs,
the highest valence band region, ranging from -6 eV to 0 eV,
are composed of mainly O 2p states. Also O 2p is hybridized
with Ag 4d and somewhat with B nd orbitalals (n=4 and 5 for
Nb and Ta, respectively). The bottom-most valence band
region, ranging from -18 eV to -16 eV is composed of O 2s
and Ta 5s states. The lowest conduction band can be divided
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into two regions and originates mainly from the contribution
of the localized Nb 4d and Ta 5d —states.
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Fig. 2. The calculated electronic band structure of AgNbOs.

B. Electro-Optic Tensor

In the noncenterosymmetric phases of AgTaO; the EO
tensor has four independent elements 13 = a3, I33, Iy = Iy =
Ts1, Ts ry. Similarly, the EO of AgNbO; has five
independent elements ry3, 133, I33, T4y, and 15;.  In contrast to
the dielectric tensor, the EO coefficients can either be positive
or negative. The sign of these coefficients is often difficult to
measure experimentally. Moreover, it depends on the choice
of the Cartesian axes. The z axes is along the direction of the
spontaneous polarization and the y — axis lies in a mirror
plane. The z and y —axes are both piezoelectric. Their positive
ends are chosen in the direction that becomes negative under
compression. The orientation of these axes can easily be found
from pure geometrical arguments. Our results are reported in
the Cartesian axes where the piezoelectric coefficients d,, and
ds; are positive. These coefficients, as well as their total and
electronic part, are reported in Table 1. All EO coefficients are
positive as is the case for the noncentro-symmetric phases [3],
the phonon modes that have the strongest overlap with the soft
mode of the paraelectric phase dominate the amplitude to the
EO coefficients. Moreover, the electronic contributions are
found to be quite small. EO coefficients matrices for the
AgTaOj; (point group 3m) and AgNbO; (point group mm?2)
are listed below:

Table 1. EO tensors and non-linear optic coefficients of AgTaOs crystal.

Crystals Symmetry EO coefficients (pm/V) Non-linear optic
Class Electronic  Total coefficients (pm/V)
I3 0.0385 0.3862 dy=d;s -0.4368
AgTa0; 3¢ I33 0.1042 0.6561 dss 1.128

1s; =14 0.0394 0.2758

C. Linear Optical Properties

Real and imaginary parts of the dielectric function &(w)=
€1(w)-ig5(w) as a function of the photon energy for AgTaO;
and AgNbO; along the x- and z-crystallographic axes were
calculated and are given in Fig. 3 and Fig. 4.
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Fig. 3. The calculated real and imaginary of linear dielectric tensor and
energy loss function of AgTaOs in x-direction (a) and z-direction (b).
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Fig. 4. The calculated real and imaginary of linear dielectric tensor and
energy loss function of AgNbO; in x-direction (a) and z-direction (b).

As shown in Fig. 3, the peak values of the dielectric
function ()= €,(w)-iey(®) along the x- and z-crystallographic
axes are almost identical. For this reason, we consider only the
x- crystallographic direction’s results. €,(®) is equal to zero at
W (5.07 eV), X (5.24 eV), Y (5.45 eV) and Z (13.69 eV) for
AgTaO;. For AgNbO;, €,(®) is equal to zero at W (5.09 eV)
and X (9.86 e¢V). The peaks of the &(w) correspond to the
optical transitions from the valence band to conduction band.
The function &,(®) for AgTaO; shows peaks at A (2.48 eV), B
(3.11eV),C (3.92¢eV),D (446 eV), E (5.45 eV) and F (6.18
eV). Whereas the function &,(®) for AgNbO;3 shows peaks at
A (3.55 ¢eV), B (4.00 eV), C (4.493 eV), D (5.626 eV). The
calculated energy loss functions along x- and z-axes, -Im(1/¢),
is given in Fig. 3 and Fig. 4. The function -Im(1/¢) describes
the energy loss of fast electrons traversing the material.
Generally, the maxima in the energy-loss function are
associated with the interband transitions and with the energies
of the plasma resonances. The -Im(1/¢) has a maximum near
13.6 eV, 12.3 eV and structure near 21.0 eV for AgTa0O;, 9.85
eV, 9.50 eV and structure near 22.0 eV for AgNbO; along x-
and z- axes, respectively. Also, in the energy region above 12
eV there is a drop in & (), there is no sharp structure in its
spectrum, which corresponds to exhaustion of the sum rule
and the excitation of the plasma vibrations in the valence
band.

D. Nonlinear Optical Properties

The fact that the SHG coefficients are related to the optical
transitions has remarkable consequences. First of all, we note
that the equations for SHG consist of a number of resonant
terms. In this sense the imaginary part, Imy® (-2m,0,0)
resembles the g,(w) and provides a link to the band structure.
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The difference, however, is that whereas in g)(®w) only the
absolute value of the matrix elements squared enters, the
matrix elements enterlng the various terms in ¥, @ are more
varied. Theg are in general complex and can have any sign.
Thus, Imy” (-20,0,0) can be both positive and negative.
Secondly, there appear both resonances when 2w equals a
interband energy and when ® equals an interband energy.
Figures (5-6) shows the 20 and single © resonances
contributions to Imx( (20,0,0) compared to &,(w) (Figures
3-4) for the AgBO;. They clearly show a greater variation
from high symmetry to lowest symmetry than the linear optic
function. In some sense they resemble a modulated spectrum.
Third, we note that the 2m resonances occur at half the
frequency corresponding to the interband transition. Thus, the
incoming light need not be as high in the UV to detect this
higher lying interband transition. This is important for wide
band gap materials like many of the ABO; compounds where
laser light sources reaching the higher interband transitions are
not available. Nevertheless, one still needs to be able to detect
the corresponding 2w signal in the UV. Unfortunately the
intrinsic richness of ¥~ spectra remains largely to be explored
experimentally we are not aware of any attempts to measure
both the real and imaginary parts of the these spectral
functions as one standard does in linear optics. That is
attributed to the fact that the second harmonic response

;(S]z() (w) contains 2@ resonance along with the usual ®
jj

resonance. Both the ® and resonances can be further separated
into inter-band and intra-band contributions. The structure in

;{_(_12{)(5()) can be understood from the structures in &y(®). Our
ij

calculations for &(w) give few fundamental oscillators
between 1.0 eV and 6.0 eV which correspond to the optical
transitions from the valance bands to the conduction band,
formed by the d orbits of the Ta atoms and consisting of two
subbands. It is well known that the &,(®) function computed
from moments ( p ) appear to be very sensitive to the ab initio

parameters and seem to be particularly appropriate to test
electronic band structure. In ABO; perovskites the two peak
present in experimental reflectivity data are obtained in
theoretical curves only when the interband transition moments

varied with respect to the energies and & wave vectors. In this
computation on ABO;, compounds many parameters have
been barrowed from existing computations have been
neglected, explaining some discrepancies between theory and
experiments [4-5, 13-19]. The structure 0.5-3.0 eV in

lyk) (w)is associated with interference between ® and 2w

resonances, while the structure above 2.0 eV is due to mainly
to o resonance. In Fig. 5 we show the 20 interband and
intraband contributions for AgBO; compounds. Also given is
their decomposition into intra- and interband contributions.
They are arran%ed so as to move the Nb — Ta trends obvious.
For example '~ obviously increases when going from Ta to
Nb. Unfortunately, the agreement between theory and
experiment is by no means perfect [20]. Note that the
interband part are negative in all cases and in most cases
largely compensate the intraband part. Our compounds in both
cases of which interband part is much smaller in magnitude
than the intraband part. This quite interesting because
unexpected. It raises the question what features in the band
structure of these two compounds distinguish them from the
other compounds [15,16]. We investigated the reasons for the
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cancellation of intra- and interband parts by inspecting the
corresponding frequency dependent imaginary parts of the
(-2m,m,m). First of all, one now sees that the opposite sign of
intra- and interband parts not only occurs in the static value
but occurs almost energy by energy.
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Fig. 6. The calculated total modal parts of ;(1213«0), ;(1231(0)), ;(2222 (o),

;(32] 1(®) and 13233(0)) for AgTaO;.

The sign of the inter and intraband part are difficult to
understand a- priori  because a variety of matrix element
products comes into play and both ® and 2w resonances occur
in both the pure interband, and the interband contribution
modified by intra-band motion when these are further worked
out into separate resonance terms. The spectra g;(®) (Figures
3-4) for the AgBO; compounds are rather similar. They look
like the superposition of the spectra of more or less four
pronounced oscillators with resonance frequencies close to the
B and D line structures appearing in the 2o and ® — terms of
the imaginary parts.

As an example of such a prediction the SHG coefficients
of AgBO; compounds are given in Table 2 and Table 3. For
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incident light with a frequency small compared to the energy
gap. The independent tensor components are listed for ©=0.

Table 2. Calculated total, intraband and interband of the zero frequency of

2
Re ;(;.k)(oy
C a
ompound. - pe ;(fji)(()) A13= 1222 B B33
131
AgTa0, Total 2618 0208 2168 1.069
interlo 0420 0053 0412  -0.202
inter20 0016  -0022  -0.015  0.028
intralo  -1.095 0091  -L115  -0.453
inra2o 4149 0331 3710 1697
M13= X223 2311 X322 4333
n3 03
ASNDO, Tol 32309 112746 177563 80032 2160.63
interlo 6286  178.06  213.50 4286  -32437
inter2o 4809 8945 2378 816 30545
intralo  -122.19 115878 120326 3612.98  1370.91
Intra2o 31275 -298.81  383.65  -2847.3  808.64

Table 3. Calculated total, intraband and interband of the zero frequency of

2
m 7 0).
Compound -
P Im Zﬁ) © 13= 122 Bl B33
2131
AgTa0; Total 0.859  0.055  0.724 0330
interlo 0420 0053 -0412  -0202
inter2e 0016 0022  -0015 0028
intral ® -1.095 0.091 -1.115 -0.453
intra2e 4149 0331 3710 1.697
13= 023 1311 322 7333
131 1232
AgNbO; Total 74792 3058.84 58201 N 8945.56
15184.4
interlo 22923 37035 43539 -172.51  -449.47
inter2e 12410 22630 408 22865  154.47
inralo  -882.88  706.00  3896.07 724651  1739.93
intra20 21837  1756.18  -3745.3 - 7500.63
22487.0

IV. CONCLUSION

The linear and nonlinear optical properties of AgBO;
oxygen-octahedron ferroelectrics have been calculated over a
wide energy range. We studied some possible combination of
B. This allowed us to study the trends in the second order
optical response with chemical composition. The results for
the zero-frequency limit of second harmonic generation in
agreement with available experimental and theoretical results
for other oxygen-octahedron ferroelectrics. The calculated
linear electrooptical coefficients for AgTaO;, is also show
agreement with recent experimental data in the energy region
below band gap for the other ABO; ferroelectrics. For all the
considered compounds the SHG coefficient ¥ is of the order
of ~107 esu. Our calculations of the SHG susceptibility shows
that the intra-band and interband contributions are
significantly changes with change B and A — ions.
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