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a b s t r a c t

The linear and nonlinear optical susceptibilities of molybdenyl iodate LiMoO3(IO3) have been calculated
and compared with the available experimental data. The calculated linear optical properties reveal that
there exists a considerable anisotropy thereby favoring an enhanced phase matching conditions
necessary for observation of the second harmonic generation (SHG) and optical parametric oscillation
(OPO). It has been found that LiMoO3(IO3) posses positive birefringence and negative uniaxial anisotropy.
The molybdenyl iodate with 2D�Mo� O sheets capped by IO�

3 group is the main source of the SHG due
to the electronic transition from the lone-pair electrons of oxygen atoms (O� 2p) to Mo� 4d and I � 5p
states. Moreover, the presence of the alkali metals can give further strength to the SHG. We would like to
mention that the dipole moments in MoO6 octahedra and IO�

3 group arranged in a way which
strengthens the SHG. Our calculated value of the dominant component of the SHG agrees well with the
experimental value obtained by Chen's group, which is four times larger than that of the well known KDP
(KH2PO4). Also we found that it is equal to one half of the experimental value of the well known KTiOPO4

(KTP) single crystals. Further, from the obtained SHG values of the dominant components we have
calculated the microscopic first hyperpolarizability at static limit and at l ¼ 1064 nm.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The nonlinear optical (NLO) materials have been considered as
potential candidates due to their numerous applications in
nonlinear optics and laser engineering. The borate materials
BaB2O4, LiB3O5, CsB3O5, BaBiBO4, Bi2ZnB2O7, CaBiGaB2O7,
Bi2CaB2O7, Bi2SrB2O7 and YCa4(BO3)3O are all well-known NLO
crystals [1e4] which show excellent properties such as short
growth period, large effective nonlinear coefficient, high damage
threshold, and good mechanical properties. Searching for novel
nonlinear optical materials which can present a relatively new
class of functional materials with large and extremely fast non-
linearities compared to traditional NLO crystals is very chal-
lenging. A development in the research of nonlinear optics of
novel inorganic and organic semiconducting materials, has
ch Centre, University of West
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gained great interest for second- and third-order NLO applica-
tions due to their large optical nonlinearities and their ultrafast,
almost purely electronic response [5e16]. These materials offer
many possibilities to tailor materials with the desired properties
through optimization of the microscopic hyperpolarizabilities
(molecular engineering) and the incorporation of molecules in a
crystalline lattice (crystal engineering) and polymers. The
research on inorganic and organic materials for photonic ele-
ments is strongly motivated by the need for the development of
high transmission bandwidths and wavelength division multi-
plexing systems in telecommunication technologies [13e16]. For
high speed second-order nonlinear optical applications, such as
electro-optics, second-harmonic generation (SHG), optical para-
metric oscillation (OPO), and optical rectification, including THz
wave generation, a highly asymmetric electronic response of the
material to the external electric field is required. It is important to
understand the relation between the structure and the main
sources of the NLO properties. Also it is essential to understand
the relation between molecular ordering with noncovalent in-
teractions. This can be obtained from calculating and analyzing
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Fig. 1. Crystal structure of LiMoO3(IO3). It is clear that the Mo atom occupied a dis-
torted octahedron with short MoeO6 bond, here O6 is not bound to any other atoms.
Four MoeOeMo bonds through O1, O10, O3 and O30 and one MoeOeI link by O2. It has
been reported that the LiMoO3(IO3) represents a new structure type and the first
structurally characterized molybdenyl iodate with 2D-Mo-O sheets capped by IO3

�

group.
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the linear optical properties. The calculation of the linear optical
properties involve the energy eigenvalues and electron wave-
functions. These are natural outputs of the band structure cal-
culations. Therefore, the linear optical properties give deep
insight into the electronic structure. For NLO crystals, it is very
well known that a different orientation of chromophores essen-
tially affects the macroscopic NLO properties [17,18]. However, the
influence of various noncovalent interactions on the microscopic
and macroscopic nonlinearities is not understood yet [17]. Un-
derstanding and exploitation of noncovalent interactions in mo-
lecular crystals are therefore a starting point of our motivation for
this work. It has been reported that the LiMoO3(IO3) represents a
new structure type and the first structurally characterized
molybdenyl iodate with 2D�Mo� O sheets capped by IO�

3 group
which is the main sources for SHG [19,20]. Furthermore, Hu and
Mao [20] reported that LiMoO3(IO3), RbMoO3(IO3) and
CsMoO3(IO3) have the same chemical formula and their structure
contains several distorted MoO6 and IO�

3 groups but LiMoO3(IO3)
presented the highest SHG among RbMoO3(IO3) and CsMoO3(IO3).
Therefore, to investigated the reason beyond the strong SHG of
LiMoO3(IO3), we have addressed ourselves to investigate the
linear optical susceptibilities of LiMoO3(IO3) which will bring us
important insights to understand the electronic origins of the
nonlinear optical susceptibilities and the hyperpolarizability by
employing first-principles calculations using the full potential
linear augmented plane wave plus local orbitals (FP � LAPW þ lo)
method which has proven to be one of the accurate methods
[21e24] for the computation of the electronic structure of solids
within density functional theory (DFT).

2. Calculation methodology

The current calculations were performed based on the x-ray
crystallographic data reported by Chen's group [15]. The geomet-
rical relaxation was achieved within the generalized gradient
approximation (PBE � GGA) [25] using the full potential linear
augmented plane wave (FP � LAPW þ lo) method as embodied in
the WIEN2k code [26]. The resulting relaxed geometry was used to
calculate the linear and nonlinear optical susceptibilities using
PBE � GGA and the recently modified Becke-Johnson potential
(mBJ) [27]. The crystal structures of LiMoO3(IO3) is presented in
Fig. 1. The muffin-tin radii (RMT) of the atoms are chosen in such a
way that the spheres did not overlap. The value of RMT is taken to
be 1.84 a.u. (I), 1.63 a.u. (Li), 1.71 a.u. (Mo) and 1.55 a.u. for O. To
achieve the total energy convergence, the basis functions in the
interstitial region (IR) were expanded up to RMT � Kmax ¼ 7.0 and
inside the atomic spheres for the wave function. The maximum
value of l was taken as lmax ¼ 10, while the charge density is
Fourier expanded up to Gmax ¼ 12 (a.u)�1. Self-consistency is ob-
tained using 300 k

.
points in the irreducible Brillouin zone (IBZ).

The self-consistent calculations are converged since the total en-
ergy of the system is stable within 0.00001 Ry. The linear optical
properties are performed within 1500 k

.
points in the IBZ, while

the nonlinear optical properties are performed within 2400 k
.

points in the IBZ.

3. Results and discussion

3.1. Linear optical properties and birefringence

Based on the electronic band structure calculations the
imaginary and real parts of the frequency dependent optical
dielectric functions were calculated. The calculations of the op-
tical dielectric functions involve the energy eigen-values and
electron wave-functions. These are natural outputs of band
structure calculations, thus the calculated dielectric functions give
deep insight to understand the electronic structure. The optical
tensors are determined by inter-band transitions between the
valence bands (VB) and the conduction bands (CB). According to
the dipolar selection rule only transitions changing the angular
momentum quantum number l by unity (D ¼ ±1) are allowed. We
have calculated ε

xx
2 ðuÞ, εyy2 ðuÞ and ε

zz
2 ðuÞ, which are the imaginary

part of the dielectric function. These completely describe the
linear optical response. These tensor components can be obtained
from the momentum matrix elements between the occupied and
unoccupied wave-functions, giving rise to the selection rules as
shown in Fig. 2(a) and (b). To completely identify the origin of the
observed optical spectral structures in ε

xx
2 ðuÞ, εyy2 ðuÞ and ε

zz
2 ðuÞ we

need to carefully look at the magnitude of the optical matrix el-
ements. The observed structures would correspond to those
transitions that have large optical matrix elements. To simplify
this we have indicated the allowed optical transitions (D ¼ ±1)
between the VB and CB using our calculated electronic band
structure (Fig. 2(b)). The allowed optical transitions occurs be-
tween O-2s/2p, Mo-4p, I-5s/5p/4d, Li-2s and Mo-4p/4d, I-5s/4d,
Li-2s states to form the first optical spectral structure. It is
interesting to mention that the width of the first optical spectral
structure is essentially determined by the width of the highest
occupied VB. The second optical spectral structure corresponds to
transition between Mo-5s/4p/4d, O-2p, I-5s/5p/4d, Li-2s and Mo-
4p/4d, O-2s/2p, Li-2s, I-5s/5p/4d states. The broadening is chosen
to be 0.1 eV which is typical of the experimental accuracy and it is
traditional for oxide compounds. Since the mBJ succeeds by large
amount in bringing the calculated energy gap closer to the
experimental one (see Fig. S1 e supplementary materials), all
discussions are for mBJ. The fundamental optical absorption edge
for εxx2 ðuÞ, εyy2 ðuÞ and ε

zz
2 ðuÞ are located at 2.73 eV, the value of the

fundamental optical gap, which confirms the occurrence of the
accurate optical transitions between the top of VB and bottom of
CB as shown in Fig. 2(b). Following Fig. 2(a) we can see there
exists a considerable anisotropy between the optical tensor
components in the ½100�, ½010� and ½001� polarization directions.
This anisotropy favors an enhanced phase matching conditions
necessary for observation of SHG and OPO. It has been noticed
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that after the first absorption edges there is rapid increases in the
optical absorption to form the first pronounced peak around
4.8 eV, after some oscillations the optical spectral of the three
tensor components drop to the lowest values forming a lossless
region around 12.5 eV.

The associated real parts of the optical dielectric function in
the ½100�, ½010� and ½001� polarization directions are obtained
from the imaginary part using the KramerseKronig trans-
formation [28]. The calculated real parts were presented in
Fig. 2(a), again it shows significant anisotropy between the op-
tical tensor components. The vanishing frequency value of the
dielectric function defines the static electronic dielectric constant
ε
xx
1 ð0Þ, εyy1 ð0Þ and ε

zz
1 ð0Þ, these values are listed in Table 1. Using

Penn model [29] we can obtained the value of the energy band
gap from ε

xx
1 ð0Þ, εyy1 ð0Þ and ε

zz
1 ð0Þ. Penn proposed a relation be-

tween εð0Þ and Eg , εð0Þz1þ ðZuP=EgÞ2, where Eg is the energy
band gap. Therefore, the optical properties help to obtain the
value of the energy band gap directly from the imaginary part
and indirectly from the real part. There are several other
important features in the optical spectrum, such as the uniaxial
anisotropy dε ¼ ½ðεII0 � ε

⊥
0 Þ=εaverage0 � which can be calculated using

the existence values of the static electronic dielectric constant.
Following this formula we find that LiMoO3(IO3) exhibits nega-
tive uniaxial anisotropy (Table 1). We would like to highlight the
other features in the optical spectrum, these are the plasmon
oscillations uxx

p , uyy
p and uzz

p , which are associated with inter-band
transitions. The plasmon maximum is usually the most intense
feature in the optical spectrum and this is at energy where ε

xx
1 ðuÞ,

ε
yy
1 ðuÞ and ε

zz
1 ðuÞ crosses zero which is associated with the exis-

tence of plasma oscillations. The obtained values of the plasma
frequency are presented in Table 1. A deep insight into the
electronic structure can further be obtained by calculating the
optical conductivity sðuÞ, absorption coefficient IðuÞ, reflectivity
spectra RðuÞ, refractive indices nðuÞ and the associated birefrin-
gence DnðuÞ and compared with the available experimental data
[19].

The optical conductivity consist of imaginary part s2ðuÞ and
real part s1ðuÞ, each part consist of three tensor components
along ½100�, ½010� and ½001� polarization directions as shown in
Fig. 2(c). The optical conductivity can be calculated using the
expression εðuÞ ¼ ε1ðuÞ þ iε2ðuÞ ¼ 1þ 4pisðuÞ

u
, which show that

sðuÞ is directly related to the complex dielectric function.
Following Fig. 2(c), the imaginary part sxx2 ðuÞ, syy2 ðuÞ and szz2 ðuÞ
between 0.0 and the values of uxx

p , uyy
p and uzz

p exhibit overturned
features of εxx2 ðuÞ, εyy2 ðuÞ and ε

zz
2 ðuÞ, whereas the real parts sxx1 ðuÞ,

s
yy
1 ðuÞ and szz1 ðuÞ show similar features to that of ε

xx
2 ðuÞ, εyy2 ðuÞ

and ε
zz
2 ðuÞ. However, at higher frequencies the spectrum deviates

significantly from the prediction of the Drude theory, according to
which the optical conductivity should drop down to zero as 1=u2.
Fig. 2(d) illustrates the calculated absorption coefficient IðuÞ along
½100�, ½010� and ½001� polarization directions. It shows the
fundamental optical absorption edges situated at 2.73 eV thus
matching the experimental value of the absorption edges
(2.80 eV) [19]. A rapid increase occurs after the absorption edges
to reach the maximum absorption at around 10.0 eV. It is clear
that LiMoO3(IO3) posses wide optical transparency region up to
2.73 eV (l ¼ 4542 Å) in good agreement with the experimental
data to 2.80 eV (l ¼ 4428 Å) [19]. In Fig. S2 (supplementary
materials) we present the calculated IðuÞ in comparison with
the experimental data [19], good agreement was found in the
matter of the absorption edge.

The calculated optical reflectivity spectra along the polarization
directions ½100�, ½010� and ½001� are shown in Fig. 2(e). It has been
found that the first reflectivity minima occurs at 7.35, 4.73 and
9.70 eV for RxxðuÞ, RyyðuÞ and RzzðuÞ, respectively. These are the
positions where the values of plasma resonance situated which
confirms the occurrence of a collective plasmon resonance in
concordance with our observation in Fig. 2(a,c,d). The calculated
lossless function (Fig. 2(f)) as a function to photon energy exhibits
that there exists a lossless region between 12.0 eV and 13.5 eV in
concordance with Fig. 2(a,c,d,e).

Fig. 2(g) illustrated the calculated refractive indices for the three
polarization directions. The calculated values of the refractive
indices at the static limit are listed in Table 1. It has been noticed
that nxxðuÞ, nyyðuÞ and nzzðuÞ reach their maximum value at 4.2 eV
for nxxðuÞ and nzzðuÞ while at 3.8 eV for nyyðuÞ, then gradually
decreases to go beyond unity. Using the existence values of nxxðuÞ,
nyyðuÞ and nzzðuÞ the values birefringence DnðuÞ can be obtained at
any wavelength as shown in Fig. 2(h). The birefringence is impor-
tant only in the non-absorbing spectral range, which is below the
energy gap. The birefringence is the difference between the
extraordinary and ordinary refraction indices,
DnðuÞ ¼ neðuÞ � noðuÞ, where noðuÞ is the index of refraction for an
electric field oriented along the c-axis and neðuÞ is the index of
refraction for an electric field perpendicular to the c-axis. The
calculated value of the birefringence at zero limit is listed in Table 1.
It has been found that LiMoO3(IO3) exhibit a positive birefringence
favors an enhanced phase matching conditions necessary for the
SHG and OPO.

3.2. Second harmonic generation and hyperpolarizability

LiMoO3(IO3) crystallized in non-centro-symmetry structure
monoclinic space group P21, this symmetry allows eight nonzero
complex second-order nonlinear optical susceptibility tensors
c
ð2Þ
113ð�2u;u;uÞ, c

ð2Þ
123ð�2u;u;uÞ, c

ð2Þ
213ð�2u;u;uÞ, c

ð2Þ
223ð�2u;u;uÞ,

c
ð2Þ
311ð�2u;u;uÞ c

ð2Þ
312ð�2u;u;uÞ, c

ð2Þ
322ð�2u;u;uÞ and

c
ð2Þ
333ð�2u;u;uÞ. The complex second-order nonlinear optical sus-

ceptibility tensor formulas are given elsewhere [30e33].

In Fig. 3(a) the absolute value
�
�
�c

ð2Þ
ijk ðuÞ

�
�
� of the eight tensors

components were illustrated, It has been found that
�
�
�c

ð2Þ
223ðuÞ

�
�
�

exhibits the highest value among the other tensors components at

the static limit. Therefore,
�
�
�c

ð2Þ
223ðuÞ

�
�
� is the dominant component at

the static limit, while
�
�
�c

ð2Þ
333ðuÞ

�
�
� is the dominant component at the

wavelength 1064 nm. The values of
�
�
�c

ð2Þ
ijk ðuÞ

�
�
� for all tensors com-

ponents at static limit and at wavelength 1064 nm were evaluated
and presented in Table 2 along with the well-know nonlinear
optical crystals for seeking a meaningful comparison. We would
like to mention that, knowing the static values of the second order
susceptibility tensor are essential to estimate their relative SHG
efficiency. From Table 2 we find that our calculated value of SHG
for the dominant component is agree well with the experimental
value obtained by Chen et al. [19] which was four times larger
than that of the well-know NLO crystal KDP (KH2PO4). Also it is
one half of the experimental value of the well known KTiOPO4
(KTP) single crystals which exhibits a SHG value of about 16.9 [34],
13.7 [35], 15.4 ± 0.2 [36], 14.6 ± 1.0 [37], 17.4 ± 1.7 [38], 16.9 ± 3.3
[39], 16.9 ± 1.7 [40], 10.6 ± 7.5 [41], 16.75 [42] and 16.65 [42] at
l ¼ 1064 nm.

We should emphasize that LiMoO3(IO3) is characterized
by the combination of distorted MoO6 octahedron and IO�

3
group [44,45]. Each MoO6 is sharing their corners with the
neighboring octahedron to form 2D molybdenum oxide sheets,
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Table 1
The calculated energy band gap in comparison with the experimental value, εxx1 ð0Þ,
ε
yy
1 ð0Þ, εzz1 ð0Þ, εaverage1 ð0Þ, dε, uxx

p , uyy
p , uzz

p , nxxð0Þ, nyyð0Þ, nzzð0Þ and Dnð0Þ.

Parameters Values using PBE-GGA Values using mBJ

Eg (eV) 2.15 2.73, 2.80a (exp.)
ε
xx
1 ð0Þ 4.74 3.63

ε
yy
1 ð0Þ 5.11 3.94

ε
zz
1 ð0Þ 4.37 3.38

ε
average
1 ð0Þ 4.74 3.65

dε �0.11 �0.12
uxx
p 9.15 7.38

u
yy
p 9.04 8.04

uzz
p 9.15 9.78

nxxð0Þ 2.17 1.90
nyyð0Þ 2.26 1.98
nzzð0Þ 2.09 1.83
Dnð0Þ 0.13 0.11

a Ref. [19] (experimental value).
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thus LiMoO3(IO3) exhibits a new structure type that is attributed
to the fact that the molybdenyl iodate with 2D�Mo� O sheets
capped by IO�

3 group [19]. This is the main source of the SHG due
to the electronic transition from the lone-pair electrons of oxy-
gen atoms (O-2p) to Mo-4d and I-5p states. Moreover, there is
another source to the SHG which is due to the presence of the
alkali metals [20]. We would like to mention that the arrange-
ment of the dipole moments in MoO6 octahedra and IO�

3 group
favors a strong SHG [19]. That is attributed to the fact that the
SHG response in the non-centro-symmetric materials is due to
the anionic group according to Chen's anionic group theory [46].
Since the energy band gap comes in the denominator of the
complex second-order nonlinear optical susceptibility tensor
formulas which turn the SHG to be very sensitive to the band gap
value [43,47]. Therefore, we have used the recently modified
Becke-Johnson potential to overcome the underestimation of the
band gap cause by DFT calculations. It is a consequence of a fact
that the DFT calculations usually underestimate the energy gaps
with respect to the experimental values. A very simple way to
overcome this drawback is to use the scissors correction, which
merely brings the calculated energy gap close to the experi-
mental gap. The scissors correction is the difference between the
calculated and measured energy gaps. Although the mBJ succeeds
by large amount in bringing the calculated energy gap closer to
the experimental one, we have applied the scissors correction to
bring the value of the calculated energy gap to be exactly as the
measured one. Furthermore, we have calculated the imaginary
and real parts of the eight tensors components but we will
present only the results of the dominant component
c
ð2Þ
223ð�2u;u;uÞ as shown in Fig. 3(b). The figure show that the

imaginary part has zero value below the half value of the
fundamental energy gap then starts rising at the half value of the
gap due to the appearance of the 2u resonance. Above the
Fig. 2. (a) Calculated ε
xx
2 ðuÞ (dark solid curve-black color online), εyy2 ðuÞ (light long dashed c

with Calculated ε
xx
1 ðuÞ (dark solid curve-blue color online), εyy1 ðuÞ (light dashed curve-brow

optical transitions depicted on a generic band structure of LiMoO3(IO3). For simplicity, we h
the structures for εxx2 ðuÞ, εyy2 ðuÞ and ε

zz
2 ðuÞ in the spectral range 0.0e5.0 eV; the transitions

curve-black color online), RyyðuÞ (light dashed curve-red color online), and RzzðuÞ (light do
curve-black color online), syy2 ðuÞ (light dashed curve-red color online) and szz2 ðuÞ (light dotte
color online), syy1 ðuÞ (light dashed curve-red brown online) and szz1 ðuÞ (light solid curve e vio
curve-back color online), IyyðuÞ (light dashed curve-red color online) and IzzðuÞ (light dotted
104 cm�1; (f) Calculated loss function LxxðuÞ (dark solid curve-back color online), LyyðuÞ (
online) spectrum for LiMoO3(IO3); (g) Calculated refractive indices nxxðuÞ (dark solid curve-b
dashed curve-blue color online) spectrum for LiMoO3(IO3); (h) Calculated birefringence Dnðu
reader is referred to the web version of this article.)
fundamental energy gap the u resonance begins to contribute in
addition to 2u and give the major contribution to the SHG, while
in the high energy region the contribution comes from u reso-
nance only. To explain this we have plotted the 2u/u inter-/intra-
band contributions to the total Imc

ð2Þ
223ðuÞ (dominant compo-

nent). It is clear that each of u and 2u resonances can be further
separated into inter-band and intra-band contributions as shown
in Fig. 3(c). Further explanation can be obtained the comparison
of

�
�
�c

ð2Þ
223ðuÞ

�
�
� with the absorptive part of the corresponding

dielectric function ε2ðuÞ as a function of both u=2 and u as shown
in Fig. 3(d). We can divide the spectral structure of

�
�
�c

ð2Þ
223ðuÞ

�
�
�,

ε2ðuÞ and ε2ðu=2Þ into three regions. The first region
(1.4 eVe2.80 eV) is mainly originated from 2u resonance, the
second region (2.80 eVe7.0 eV) is associated with interference
between 2u and u resonances. The third region (7.0 eVe14.0 eV)
is mainly due to u resonance.

For more information regarding the LiMoO3(IO3), the micro-
scopic first hyperpolarizability, bijk, the vector components along
the dipole moment direction was calculated at static limit and at
l ¼ 1064 nm (1.165 eV), using bijk expression which is given else-
where [48]. The microscopic first hyperpolarizability terms cumu-
latively yield a bulk observable second order susceptibility term,
c
ð2Þ
ijk ðuÞ, which in turn is responsible for the high SHG response

[49,50]. These values are listed in Table 2.
4. Conclusions

Based on the calculated electronic band structure using the full
potential linear augmented plane wave within the recently
modified Becke-Johnson potential (mBJ) potential, we have
calculated the linear and nonlinear optical susceptibilities of
molybdenyl iodate LiMoO3(IO3). The results were compared with
the available experimental data and good agreement is found. The
calculated linear optical properties reveal that there exists a
considerable anisotropy favors an enhanced phase matching
conditions necessary for observation of SHG and OPO. The linear
optical properties show that LiMoO3(IO3) possesses a positive
birefringence and negative uniaxial anisotropy. It has been found
that the molybdenyl iodate with 2D�Mo � O sheets capped by
IO�

3 group is the main source of the SHG due to the electronic
transition from the lone-pair electrons of oxygen atoms (O-2p) to
Mo-4d and I-5p states and the presence of the alkali metals can
give further strength to the SHG. Wewould like tomention that the
arrangement of the dipole moments in MoO6 octahedra and IO�

3
group are favorable for a large SHG. It is interesting to mentioned
that our calculated value of the SHG for the dominant component
agree well with the experimental value obtained by Chen's group,
which is four times larger than that of the well know KDP
(KH2PO4). Also we found that it is equal to one half of the exper-
imental value of the well known KTiOPO4 (KTP) single crystals.
Further, the values of the microscopic first hyperpolarizability,
urve-red color online) and ε
zz
2 ðuÞ (light dotted dashed curve-green color online) along

n color online) and ε
zz
1 ðuÞ (light sold curve-violet color online) for LiMoO3(IO3); (b) The

ave labeled the optical transitions as A, B, and C. The transitions (A) are responsible for
(B) 5.0e10.0 eV, and the transitions (C) 10.0e14.0 eV; (c) Calculated RxxðuÞ (dark solid
tted dashed curve-blue color online) for LiMoO3(IO3); (d) Calculated sxx2 ðuÞ (dark solid
d dashed curve-green color online) along with Calculated sxx1 ðuÞ (dark solid curve-blue
let color online) for LiMoO3(IO3); (e) Calculated absorption coefficient IxxðuÞ (dark solid
dashed curve-blue color online) spectrum for LiMoO3(IO3), the absorption coefficient in
light dashed curve-red color online) and LzzðuÞ (light dotted dashed curve-blue color
lack color online), nyyðuÞ (light dashed curve-red color online) and nzzðuÞ (light dotted
Þ for LiMoO3(IO3). (For interpretation of the references to color in this figure legend, the



Fig. 3. (a) Calculated
�
�
�c

ð2Þ
ijk ðuÞ

�
�
� for the eight tensor components of LiMoO3(IO3); (b) Calculated Imaginary c

ð2Þ
223ðuÞ(dark solid curve-black color online) and real cð2Þ223ðuÞ (light

dashed curve-red color online) spectra of LiMoO3(IO3); (c) Calculated total Imc
ð2Þ
223ðuÞ spectrum (dark solid curve-black color online) along with the intra (2u)/(1u) (light solid

curve-blue color online)/(light dashed doted curve-cyan color online) and inter (2u)/(1u) (light long dashed curve-red color online)/(light doted curve-green color online)-band
contributions of LiMoO3(IO3), here all Imc

ð2Þ
222ðuÞ are multiplied by 10�7, in esu units; (d) eupper panel- Calculated

�
�
�c

ð2Þ
223ðuÞ

�
�
�(dark solid curve-black color online); -lower panel-

Calculated ε
xx
2 ðuÞ (dark solid curve-black color online); Calculated ε

xx
2 ðu=2Þ (dark dashed curve-red color online) of LiMoO3(IO3). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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Table 2
Calculated

�
�
�c

ð2Þ
ijk ðuÞ

�
�
� and bijk of LiMoO3(IO3), in pm/V at static limit and at l ¼ 1064 nm, in comparison with the experimental value of the well known KTiOPO4 (KTP) single

crystals which exhibits a SHG value of about 16.9 [34], 13.7 [35], 15.4 ± 0.2 [36], 14.6 ± 1.0 [37], 17.4 ± 1.7 [38], 16.9 ± 3.3 [39], 16.9 ± 1.7 [40], 10.6 ± 7.5 [41], 16.75 [42] and 16.65
[42] at l ¼ 1064. Where 1 pm/V ¼ 2.387 � 10�9 esu.

Tensor components c
ð2Þ
ijk ð0Þ Theory dijk ¼ 0.5cð2Þijk ðuÞ c

ð2Þ
ijk ðuÞ at l ¼ 1064 Theory dijk ¼ 0.5cð2Þijk ðuÞ

�
�
�c

ð2Þ
113ðuÞ

�
�
�

2.022 d15 ¼ 1.011 4.232 d15 ¼ 2.116
�
�
�c

ð2Þ
123ðuÞ

�
�
�

0.893 d14 ¼ 0.446 1.055 d14 ¼ 0.527
�
�
�c

ð2Þ
213ðuÞ

�
�
�

1.787 d25 ¼ 0.893 2.891 d25 ¼ 1.445
�
�
�c

ð2Þ
223ðuÞ

�
�
�

9.059 d24 ¼ 4.529 15.105 d24 ¼ 7.552
�
�
�c

ð2Þ
311ðuÞ

�
�
�

1.410 d31 ¼ 0.705 2.185 d31 ¼ 1.092
�
�
�c

ð2Þ
312ðuÞ

�
�
�

0.516 d36 ¼ 0.258 0.561 d36 ¼ 0.280
�
�
�c

ð2Þ
322ðuÞ

�
�
�

4.046 d32 ¼ 2.023 8.257 d32 ¼ 4.128
�
�
�c

ð2Þ
333ðuÞ

�
�
�

8.918 d33 ¼ 4.459 16.941 d33 ¼ 8.470

b223 2.432 � 10�30 4.063 � 10�30 at (l ¼ 1064 nm)
b333 2.386 � 10�30 4.458 � 10�30 at (l ¼ 1064 nm)

A.H. Reshak, S. Auluck / Journal of Alloys and Compounds 660 (2016) 32e3838
bijk was obtained for the dominant components at static limit and
at l ¼ 1064 nm. It has been found that the value of b223 about
2.432� 10�30 (4.063� 10�30) while for b333 is about 2.386� 10�30

(4.458 � 10�30) at the static limit (l ¼ 1064 nm).
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