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Self-consistent calculations is performed using the full potential linear augmented plane wave (FP-LAPW)
technique based on density functional theory (DFT) to investigate the electronic band structure, density
of states, electronic charge density, linear and non-linear optical properties of a-LiAlTe, compound hav-
ing tetragonal symmetry with space group 142d. The electronic structure are calculated using the Ceper-
ley Alder local density approach (CA-LDA), Perdew Burke and Ernzerhof generalize gradient approach
(PBE-GGA), Engel-Vosko generalize gradient approach (EVGGA) and modified Becke Johnson approach
(mB]J). Band structure calculations of (a-LiAlTe,) depict semiconducting nature with direct band gap of
2.35eV (LDA), 2.48 eV (GGA), 3.05 eV (EVGGA) and 3.13 eV (mB]), which is comparable to experimental
Linear optical properties value. The calculated electronic charge density show ionic interaction between Te and Li atoms and polar
Nonlinear optical susceptibilities covalent interaction between Al and Te atoms. Some optical susceptibilities like dielectric constants,
DFT refractive index, extension co-efficient, reflectivity and energy loss function have been calculated and
analyzed on the basis of electronic structure. The compound a-LiAlTe, provides a considerable negative
value of birefringence of —0.01. Any anisotropy observed in the linear optical properties which are in
favor to enhance the nonlinear optical properties. The symbol ;{ﬁ)c(cu) represents the second order non-
linear optical susceptibilities, possess six non-zero components in this symmetry (tetragonal), called:
123, 213, 231, 132, 312 and 321 components, in which 123 is the dominant one having value
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1. Introduction

Usually, the ternary chalcogenides having the general formula
A'M"Q, (A=Li, Cu,Ag; M=Al, Ga,In and Q=S, Se, Te) are semi-
conductor with energy band gaps varying from 0.9 to 4.0eV [1].
These compounds have got more attenuation due to its optoelec-
tronic relevance’s in light emitting diodes (LED), detector, solar
energy converters, and nonlinear optical (NLO) tools [2-16]. More
often, these (ternary) compounds posses the tetragonal chalcopy-
rite (CuFeS,) or orthorhombic «-NaFeO, types of symmetry [17-
23]. Both symmetries comprise the tetrahedral building blocks that
contribute four corners to contour the three-dimensional meshes;
the only disparity is the collapsible series of anions. As a outcome,
a-NaFeO, can be examined as a wurtzite superstructure founded
on hexagonal closed collapsible of oxygen, while the chalcopyrite
(CuFeS,) structure is considered as a zinc blende (ZnS) superstruc-
ture in which sulfur atoms have a cubic closed packing eutaxy.
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The majority study has pored on compounds comprising Cu or
Ag as the monovalent cation, Al. Very less literature is renowned
about ternary lithium chalcogenides possibly because of crystal
development adversities and air sensitivity of this class of com-
pounds. This inspired the preparation and characterization of ter-
nary Li-chalcogenides of gallium and indium i.e. LiGaQ, (Q =S, Se)
and LilnQ, (Q=S, Se, Te), but there is lacking information about
the ternary Al-chemistry [22-26]. Though, ternary Li-chalcogenides
are very attentive due to their bigger energy band gaps E, as com-
pared to coinage metal materials and prospectively good for bire-
fringent order materials [24-27]. Due to the wide band gap the
ternary Li-chalcogenides possess good attenuation comparable to
coinage metal compounds and are eventually appropriate for bire-
fringent crystals [24-27]. Following the structure of these com-
pounds and their similarity to other ternary telluride compounds,
one can expect an occurrence of the photoinduced SHG [28].

The Isolated dimmers i.e. AQs = A;Q4Qq4/> produced due to the
sharing of two (AlQ,) tetrahedral, which are existed in the primary
class of materials. The second depicts linear chain ! [AQ;, = A;Q, ]
formed from the sharing of the edge of tetrahedral AlQ4 and metals
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(alkali) fit within the square anti-prisms between the chains
L1A2Qy,).

The last class of the materials prepared from the fusion of
diamond like super-tetrahedra [Al4Qio], possess layers in two
co-ordinate ;[AZQGQ;/Z}, where (Q = Se, Te). Kim and Hughbanks
[1] have reported the synthesis and crystal structures of new ter-
nary aluminum chalcogenides, LiAlSe,, a-LiAlTe,, and B-LiAlTe,.
During the characteristics of the Telluride compounds it should
be emphasized that the electron-phonon interactions play princi-
pal role [29].

In the present work, we perform the first principal calcula-
tion on o-LiAlTe, compound using the full potential linear
augmented plane wave (FP-LAPW) as employed in the WEIN2K
computer program to calculate the band structure, density of
states and electronic charge density. We also calculate and
completely described the linear/non-linear optical properties
of the investigated compound on the basis of the above
technique.

The rest of the paper is organized as follow; In Section 2, we
briefly describe the computational methodology used in the pres-
ent work. In Section 3, the principal results like electronic struc-
ture, electronic charge density, linear and nonlinear optical
susceptibilities are calculated and discussed. Finally, in Section 4,
we concluded our results.

2. Computational method

o-LiAlTe,, ternary aluminum chalcogenides having space group 142d with
tetragonal symmetry. The wunit cell parameters are a=b=6.3517A°,
c=11.6904 A° and Z=4 [1]. The structural diagram of a-LiAlTe, is displayed in
Fig. 1. In this paper, the total energy calculation are performed with the self con-
sistent technique to solve the Kohn-Sham (KS) equations within the framework
of density functional theory (DFT) [30,31], using the full potential linearized aug-
mented plane wave (FP-LAPW) method as implemented in the WEIN2K [32]
computer package. In the calculation, the converged matrix geometry is deter-
mined by using the parameter RyrKwax =7, where Kyax stands for the plane
wave cut off and Ry stand for the minimum of the smallest radii of the atomic
sphere. The exchange correlation effects are deal with the local density approach
(LDA) [33], generalized gradient approach (GGA) [34], Engel-Vosko generalized
gradient approach (EVGGA) [35] and modified Becke Johnson approach (mBjJ)
[36]. The MT atomic sphere radii are taken to be 2.50 a.u and 2.45a.u for Li
and Al/Te respectively. For stable self consistent calculations, the total energy
is in the range of 107> mRy. Using the Monkhorst-Pack special k-points approx-
imation [37], the integration over the Brillouin zone is carried out up to 405 k-
points in the irreducible Brillouin zone (IBZ).

Fig. 1. Crystal structure of, a-LiAlTe;.

3. Result and discussion
3.1. Electronic structure

In order to examine the other properties, we have calculated the
electronic band structure of a-LiAlTe, compound, as illustrated in
Fig. 2(a-d). Our calculated band structures depict a direct band
gap at I'-point of BZ. The values of the energy gap are 2.35eV
(LDA), 2.48 eV (GGA), 3.05 eV (EVGGA) and 3.13 eV (mBjJ), which
is comparable to experimental value [1], as it was mentioned in
the introduction that the ternary chalcogenides A'M"Q, (A =Li,
Cu, Ag; M = Al, Ga, In; Q =S, Se, Te) are semiconductors with energy
gaps vary between 0.9 and 4.0 eV [1]. Based on this we expected
that our calculated band gap using mBJ] show reasonable agreement
with the experimental value. Therefore we have selected mB] for
further explanation of the other properties i.e. linear and nonlinear
optical properties. In the band structure diagram, the lowermost
bands are due to the Li-s states and the bands at uppermost part
of the valence band arise mainly from Te-p states at I'-point. The
conduction band originates prevailingly from Al-s states exhibiting
small energy near I the high symmetry point. In order to describe
the structure of a-LiAlTe, compound with more details, we have
calculated the total and partial density of states (TDOS and PDOS),
as shown in Fig. 3(a-c). Fig. 3a, visualize that the total DOS is shifted
toward higher energy along the energy axis, while moving from
LDA, GGA, EVGGA and mBJ. The projected DOS of Aluminum (Al),
Lithium (Li) and Tellurium (Te) atoms are displayed in Fig. 3(b, c).
We divide the valence band into two parts; the first (lower) region
start from —11.0 eV to —9.0 eV, which is principally instigating from
the Te-p states (localized state) exhibit strong support to partial
density of states (3.32 states/eV) and small support provide by Li-
s, Al-s and Al-p states to PDOS, respectively. The second part of
the valence band lies between —5.1eV to 0.0 eV (Fermi energy
Eg), consist of Li/Al-s, Al/Te-p and Te-d orbital. Among these orbital,
we further categorize the orbital into two parts; one is very close to
the Fermi energy is originating predominantly from Te-p (quite
sharp) and Te-d orbital (relatively localized states) and the second
part from Al-s and Al-p respectively. The bottom of the unoccupied
band is contributed by the Al-s and Te-p states.

3.2. Electronic charge density

To know more about the distribution of the total electronic
charge density maps of a-LiAlTe, compound, the valence electronic
charge density maps has been shown in Fig. 4a along (001) crystal-
lographic plane. This contour shows that there is no substantial
charge density distributed between Li atoms. There is polar cova-
lent character between Al (1.5) and Te (2.1) atoms and the charge
transfer occurs mainly from Al atoms towards Te atom due to high
electronegativity. It is clear that Te and Li atoms show the ionic
nature though the charge density contours around the Te is not
completely circular but it shows the ionic bonding nature. The
hump appears in the electronic charge density of tellurium atom,
due to the high electro negativity which attracts the Al atom. We
also calculate the electronic charge density in the (211) crystallo-
graphic plane in order to explore the anisotropy of the electronic
charge density in the o-LiAlTe, compound. As it is clear from
Fig. 4b, that in (21 1) crystallographic plane, Al atom shows maxi-
mum charge density than the Al atom in (001) plane. In the (211)
plane the Te atom is absent.

3.3. Linear optical properties

Here in this section, we first calculate and analyze the linear
optical susceptibilities of the investigated compound o-LiAlTe,



94

Energy (eV)

Energy (eV)

alpha-LiAlTe;
EVGGA .

81~

V4 P r PA z

A.H. Reshak, W. Khan/Journal of Alloys and Compounds 592 (2014) 92-99

(b) ®

Energy (eV)

(d)

Energy (eV)

5
\
/
Q

z P r PA V4

Fig. 2. Calculated band structure of a-LiAlTe, using LDA, GGA, EVGGA and mBJ.

having tetragonal symmetry, for which we determine only two
tensor components (&5*(w) and &¥(w) are major components).
These none zero components associated to the parallel and perpen-
dicular parts of the applied electric field to the principle axis,
which totally describe the entire linear optical susceptibilities.

The frequency dependent complex dielectric tensor &(w) com-
ponents are calculated by using the following mathematical
expressions [38,39]:

|P% (k)2
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In the above relations, e=1/m=1 and h=1 (written in atomic
unit)where “w” is the photon frequency of energy h w, and P*Y (k)
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represent the x/y-components of the dipolar matrix elements be-
tween initial <nk/(Bra) states and final /n’k > (Ket) states.

wny (k) = Difference in band energies = E, (k) — Ey (k) (energy eigen-
values), and the last term Sk = constant surface
energy = k; wny (k) = . The dispersion spectra of the real &;(w)

and imaginary &(w) parts of the complex dielectric function &(w)
for relaxed structure of a-LiAlTe, are indicated in Fig. 5a. The plot
of the investigated imaginary part &(w) exposes that the threshold
energy appear at 3.13 eV, which is associated to the direct optical
transitions from Al-s (Highest valence bands) to Te-p (lowest con-
duction bands). It is obvious from the Fig. 5a, that there are two
main peaks for &§*(w) and &Z(w) in the curve of &;(w) along the en-
tire spectral region, located at 5.5 eV and at 5.0 eV (the maximum
peak). Following Fig. 5a, one can see that &% () show higher contri-
bution than the x-component of & (w). In the energy range from
4.0eV to 8.0eV (UV region), both components &*(w) and &%(w)
indicate considerable anisotropy. The maximum value of the



A.H. Reshak, W. Khan/Journal of Alloys and Compounds 592 (2014) 92-99 95

(@)
16
a—-LiAlTe, s 1.DA - 14 ~
=)
[ elery B - 9
mmmmmm EVGGA E -*é
s mBJ — 10 ;
g 2
2 3
-6 S
b <
Es w
42
b 2 ot
— 0
10 5 0 5 10 15
Energy (eV)
0.5
(b) %51 Alp () 051
04 -: 0.4 : Te-d
0.3 1 0.3 ]
0.2 0.2 ]
014 0.1 ]
= 1 =) ; '\....a-r‘\w
8 0.0 T M v v T v T T 8 0.0 T v v T A s ey |
= -
2 T AL - i
; " Als 7 1.0 Te-p
S 06+ 5
g . z i
g 044 % 05
12} 1 h
~ 0.2 4 = 4
8 E A 172] M———\_
Q 0.0 T T — T 8 0.0 T T T T T
R« 014 SR
0124 Lis i Te-s
0.10 4 25 4
0.08 4 2.0 4
0.06 3 1.5 4
0.04 1.0 ]
0.02 J 0.5 5
0.00 T v T v — v LI T 0.0 T (e vy v T v T
-10 -5 1] 5 10 15 -10 -5 0 5 10 15
Energy (eV) Energy (eV)

Fig. 3. Calculated total density state (TDOS) and partial density of states (PDOS) of a-LiAlTe, structure using mB]J.

imaginary part &(w) situated at 5.5 eV is about 12.8, due to the
transitions from valence states Al-s to conduction states Te-p. From
the dispersion curve (Fig. 5b) of the real part & (w) of the complex
dielectric tensor &(w), we note the static values of & (w) is 5.39
(€¥(0)) and 5.45 (&%(0)). We should highlight that the smaller value
of & (0) resulted from wide band gap (energy gape), which is inver-
sely proportional to each other. This proportionality could be
explained on the basis of Penn model, which is given by; &;.
(0) =~ 1+ (hw,[Eg)? [40]. From the Fig. 5b, we observed that &;()
shows the maximum value 10.8 for &*(w) at 3.7 eV and 12.0 for
& (w) at 4.0eV, and some peaks have been observed at 4.5 eV
(e#(w)) and 4.9 eV (&f*(w)). Above 5.0 eV, the real part & (w) of
the dielectric tensor shows decline and reach to lowest peak
(—3.0 and —1.8) at 6.1 eV and 8.0 eV for &/*(w) and &¥(w) respec-

tively. By using the expression ¢ = [3(],—1 — &5 /€%, we find uniaxial
anisotropy, which is —0.005, proves the anisotropic behavior in the
investigated compound a-LiAlTe,.

The calculated frequency dependent refractive index n(w) and
extension co-efficient K(w) are displayed in the Fig. 5(c, d). We
note the static values of refractive index n(w) is 2.32 (1*(0)) and
2.33 (n¥(0)) caused without the lattice oscillation about their mean
position i.e. at frequency w = 0.

We also calculate the birefringence by using the expression,
An(w) = difference between the extraordinary and the ordinary
refraction indices = n.(w) - no(w), where ng(w) represents the or-
dinary refractive index for parallel part of the electric field and
ne(w) is the extra ordinary refractive index for the perpendicular
part of the electric field along the principal axis. It is obvious that
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Fig. 4. Electronic space charge density distribution contour calculated with mB] in the (001) and (211) planes of a-LiAlTe,.

below the energy band gap i.e. in the non-absorbing spectral region
the birefringence plays an important role. Therefore, the calculated
static value of the birefringence An(0) of the investigated com-
pound is —0.01. The x and y spectral components of refractive in-
dex n(w) represent highest peaks at energies 3.85 eV and 3.71 eV
and the extension co-efficient k(w) describes some peaks in the en-
ergy range from 4.0eV to 8.0 eV. While at higher energy both
refractive index n(w) and extension co-efficient K(w) trend to de-
crease along the spectral region (Fig. 5¢ and d).

Fig. 5e, shows the plot of reflectivity R(w) as a function of fre-
quency o, which indicates maximum reflectivity 0.65 or 65% at en-
ergy about 13.8 eV equal to / = 89.5 nm (UV region). Consequently,
one can say that relax structure of o-LiAlTe, can be used as a
shielding materials regarding to UV radiations. It is clear from
the Fig. 5e, that the reflectivity R(w) shows anisotropy from
4.0eV to 13.0eV.

The energy loss function L(w) is very essential factor, which
tells exactly about the energy loss of fast electrons traversing into
the material. The L(w) shows one maximum peak at 13.0 eV and at
13.2 eV, which is associated to the plasma frequency w, and the
process is called plasma resonance, to which L(w) corresponds
[41]. Following Fig. 5f, that the energy loss function L(«) decreases
suddenly, which correlates to the maximum peak occurred in
reflectivity and also to the zero crossing of the static value of the
refractive index.

3.4. Nonlinear optical properties

In order to explain the calculated second harmonic generation
(second order linear optical susceptibility) y%. (—2m,w,m) of o-
LiAlTe, correctly we consider the mBJ and quasi-particle self-en-
ergy corrections at the level of scissors operators in which the en-
ergy bands are rigidly shifted to merely bring the calculated energy
gap closer to the experimental gap. The relations for the complex
second order nonlinear optical are presented in the previous stud-
ies, [42,43]. We can acquire three major contributions from these
relations; (1) the inter-band transitions & (—2m,w,w), (2) the

inter

intra-band transitions y%¢ (-2w,w,®) and (3) %, (—2w,w,®)
are the modulation of inter-band by intra-band terms. Mathemat-

ically, all these three terms can be expressed as:

b
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The term y%¢ (-2, w,) = is mainly from the inter-band contri-

bution with {2} = (1/2)(rb,rS, +1¢,2) and n,m,! stands for
the different band indices.
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The first two terms in the above equation consist of the modi-
fied linear response caused by the intra-band transitions and the
last two term intra-band term is varied by a phenomenon, called
the polarization of inter-band. The energy difference between the
upper- band n and lower band m, and the Fermi distribution func-
tions can be written as hwp,, = hw, — hwy,, and fiu, = fi — fm. The
terms a, b and c are the Cartesian indices, from which we calculate
the unit cell volume, and w = frequency = w + i, where é (delta
function — 0). Generally, the symbol r stands for the position oper-
ator. Despite of w, all the terms depends on the k (vector space),
and the generalized co-ordinates of vector space can be expressed
asrb, .. Where AP stands for the variation between the velocities
of electrons at n and m bands = p?, — p%,./m. The above equations
are already compact to a shape displaying single w or 2w reso-
nances, slightly than combinations of two such energy denomina-
tors that facilitate us to calculate the imaginary part and real part
by using the Kramer-Kronig relation, separately. r¢, (k), stands for
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Fig. 5. Calculated real and imaginary part of dielectric function, reflectivity, refractive index, extension co-efficient and energy loss function of a-LiAlTe, using mBJ.

the position matrix elements between n and m bands, are obtained
from the momentum matrix element p%, (k), using the expression
[44] rnm(k) - m?c"o",'.m()k

Aspnes [45] verified that only transitions from one occupied
states to two unoccupied states, known as virtual-electron transi-

tions, give a major support to the second order tensor components.
Therefore we disregard as it was discovered to be negative and
more than an alignment of magnitude lesser than the virtual-elec-

; @)
tron role for these compounds. Simply we represent y .
(—2w,m,m) by 1% ().
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We have calculated the second order susceptibilities of the
investigated crystals o-LiAlTe, having point group I42d. There are
six non-zero independent tensor components of the second har-
monic generation (SHG), called: 123, 213, 231, 132, 312 and 321
components (1, 2, and 3 refer to the x, y and z axes, respectively)
[46]. As the first four components are equal i.e.
123=213=231=132 and the last two are equal too i.e.
321 =312, therefore we have plotted only 123 and 321 compo-
nents. We should accentuate that the nonlinear optical properties
are more perceptive as compared to the linear optical properties
due to the minor changes of band structure.

The calculated absolute value of the second harmonic tensor
|72 ()| for 123 and 321 components, describe that the compo-
nent \X%g(a)ﬂ shows dominancy than \X%}](a))\, as the component
|X(122)3(w)\ possesses greater static values (26.42) at w = 0 as com-
pared to |3, (w)| (see Fig. 6a).

It would be very useful to compare the absolute value of the
principal component | }(522)3((1))\ with the imaginary part of the com-
plex dielectric function & (w) and & (w/2) as displayed in the
Fig. 6b. Following Fig. 6b, the first part of the spectra of |72 (w)|
lies from 1.94 eV to 3.7 eV is mainly appearing due to the 2w res-
onance. The second part of the spectra, which lies above 3.7 eV till
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5.0 eV, corresponds to the major contribution of the w and 2w res-
onance. The last spectral structure (within 5.0 - 10.0 eV) is mainly
due to w resonance and is associated with the second structure in
?2(60)

Fig. 6¢, depicts the calculated complex part of the second har-
monic susceptibility of the investigated compound o-LiAlTe,. It
has been observed that less than half of the band gap, the total
nonlinear optical susceptibilities acquiring SHG is equal to zero.
At energy equal to 1/2E,, the frequency 2w begins to contribute
and the term having the frequency w begins to contribute above
E; (energy band gap). In the energy range below 3.26 eV, the SHG
spectrum is mainly from the 2w supports. The frequency w term
provide main support at energy greater than 3.26 eV (value of
the fundamental band gap). It is obvious from the Fig. 6¢c, that
the coefficient y\2;(w) of SHG is considerable along the whole
range of the photon energy hw. In addition, X@g(a)) is entirely in
dispersive form in the small energy range of photon.

The calculated imaginary parts of the second harmonic genera-
tion (SHG) is plotted as a function of photon energy hw, as shown
in the Fig. 6c. We take the Krammers-Kronig integral relation,
which is given as:

Re[7%(0.0.0) = 2/m)p | T myZ(-20.0,0)/o}do  (6)

Using the above relation, we derive the static values at fre-
quency w =0. The second harmonic generation also approaches
to zero very rapidly at higher energy above 7.0 eV. These details
can be used in the prospect for molecular engineering of the crys-
tals in the enviable directions. We suggest that the calculated data
may act as a dominant tool for more design of the crystals with the
better SHG properties. Additionally, one can examine different fac-
tors in SHG from the investigation of frequencies « and 2w due to
the putrefaction of separate band to band supports same to the
investigation of linear optical susceptibilities. Fig. 6d, exposes 2w
inter/intra band as well as 1w inter/intra band support to the imag-
inary part of the nonlinear optical susceptibilities X%(w) compo-
nents. One can clearly note the variation of signs due to the
above contributions along the entire range of frequency.

4. Conclusions

In conclusion, the linear and nonlinear optical susceptibilities of
nonlinear o-LiAlTe, compound are calculated using the density
functional theory based on the full potential linear augmented
plane wave (FP-LAPW) technique. Our calculated band structure
of the investigated compound exhibits direct band gape of about
2.35eV (LDA), 2.48 eV (GGA), 3.05 eV (EVGGA) and 3.13 eV (mB]J),
which is comparable to experimental value. The analyzed densities
of states indicate strong contribution from Te-p states close to the
Fermi level Eg, which plays a significant role in the optical proper-
ties. Our calculated electronic charge density contours show the
polar covalent bond between Al and Te atoms, and ionic bond be-
tween Li and Te atoms, respectively. We calculate the linear optical
properties like real and imaginary part of the dielectric tensor,
reflectivity, refractive index, extension co-efficient and energy loss
function on the basis of electronic structure. Our calculated results
for linear optical susceptibilities show maximum reflectivity (65%)
in the ultra violet region, which describe that the compound o-
LiAlTe, can be used as shielding materials. Our calculated birefrin-
gence possesses considerable negative value of —0.01, which plays
an important role in the non-absorbing spectral region below the
energy band gap. We also calculate the second order nonlinear
optical properties, in which we find that xﬁé(w) component is
dominant than those having co-ordinate indices namely: 123,

213, 231, 132, 312 and 321 respectively, in which the first four
(123, 213, 231, 132) and the last two (312, 321) components are
equal. We observed that any anisotropic behavior is observed in
linear optical properties increases the nonlinear optical suscepti-
bilities. Our results depict that the 2w inter/intra-band contribu-
tions to the real and imaginary parts of \3;(w), which are
influenced by signs. These details can be used in the prospect for
molecular engineering of the crystals in the enviable directions.
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