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Second harmonic generation from the novel polar
polymorph a/B-BaTeMo,04 phasesti

The second harmonic generation (SHG) and the first hyperpolarizability (8) of B-BaTeMo,Og and
a-BaTeMo,0g phases have been calculated. Due to structure arrangement and hence the orientation of the

dipole moments, B-phase exhibit larger SHG than that of a-phase although it produces high local SHG. The
linear optical properties reveals that a-phase show larger anisotropy between the optical components along
the polarization directions [100], [101] and [001] than that of B-phase. The anisotropy in the linear optical
susceptibilities favors an enhanced phase matching conditions necessary for observation of SHG and optical

parametric oscillation (OPO). It has been found that these materials exhibit positive uniaxial anisotropy and

positive birefringence. We found that a-phase show higher uniaxial anisotropy and birefringence values than

those of B-phase. The calculated SHG reveals that x(zzz’z(w) is the dominant tensor compound for B-phase
with do, of about 20.46 pm V~! which is higher than the experimental value of the well known KTiOPO,
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(KTP) single crystals. While x33,(w) is the dominant tensor compound of a-phase with dz, of about 0.11 pm

V1 In addition, we have calculated the microscopic first hyperpolarizability, Bji. the vector components
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1. Introduction

Noncentrosymmetric polar inorganic oxide materials are
promising candidates for second order nonlinear optical
applications namely second harmonic generation (SHG)."” In
the recent years there is potential interest in finding novel
materials which can produce visible, ultraviolet and infra-red
laser radiation at wavelengths that are presently inaccessible
via conventional sources for many industrial, medical, biolog-
ical and entertainment applications.*® Noncentrosymmetric
polar inorganic oxides are technologically important for several
applications, such as piezoelectricity, nonlinear optical prop-
erties, ferroelectricity and pyroelectricity.”® Fuks-Janczarek
et al® have used Z-scan measurements to investigate
B-BaTeMo,0, single crystal, it has been found that B-
BaTeMo,0, possess promising third-order optical susceptibili-
ties. Further, they have used the first principles calculations
based on CASTEP code to investigate the electronic band
structure of B-BaTeMo,0, single crystal. Calculations show that
this crystal have a direct band gap of about 2.61 eV using the
local density approximation (LDA) and 2.67 eV using the
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along the dipole moment direction for the dominant components of B-BaTeMo0,0Og and «-BaTeMo,0q
phases at static limit and at A = 1064 nm.

generalized gradient approximation (GGA). Zhang et al.® have
used the first principles calculations based on ABINIT code
within GGA to investigate the ferroelectric and optical proper-
ties of B-BaTeMo0,0Oy single crystal, it has been found that the
investigated crystal have a direct band gap of about 2.78 eV.
Therefore, several research groups investigated the structural
properties and the other related properties. Several polar oxides
single crystals were synthesized, the suitability of polar oxides
containing cations susceptible to second order Jahn-Teller
distortions for nonlinear optical and piezoelectric application
was investigated.'®** A novel polar polymorph a-BaTeMo0,0q
phase was discovered by Zhang's group,* during the growing of
B-BaTeMo0,04 single crystal at temperature below 570 °C the
product was pure B-BaTeMo,0O, while with increasing the
temperature up to 570 °C they found a small amount of a-
BaTeMo,0, phase started to appears in the product. Increasing
the temperature above 570 °C the product converted to be a
pure a-BaTeMo,0,." It has been found that both - and a-pha-
ses of BaTeMo0,0, are thermally stabile and the newly discov-
ered phase (a-phases) contains 2D-(Te,M040,5)*~ anionic layers
interleaved with Ba®>" cations.! The newly discovered phase
motivated several researchers to investigate the unique prop-
erties of this phase.>*'* Recently, Raman spectra using pulsed
laser diode pumped Nd:YAG/Cr'*":YAG was reported for o-
BaTeMo,0, phase,* they found that the high energy output
pulse have potential application in medical treatment and laser
ranging.** Using two continuous wave lasers 808 and 1064 nm
as photoinducing sources Majchrowski et al.> have measured
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the SHG at the wavelength 1064 nm under photoinducing
treatment of monoclinic piezoelectric B-BaTeMo0,04. An ab ini-
tio plane-wave pseudopotential total energy package CASTEP
within the generalized gradient approximation (PBE-GGA) was
used to calculate the refractive index and the birefringence of a-
BaTeMo,0, in the spectral range of 0.4-5.0 um.?

From the above it is clear that there exists some experimental
and theoretical work on B-BaTeMo,0y and o-BaTeMo0,0, pha-
ses'>” " we feel that there is a dearth information on the second
harmonic generation and the microscopic first hyperpolarizability.
Most the measurements of the SHG for f-BaTeMo,0, and o-
BaTeMo,0, phases were performed on powders without details
descriptions about the complex second-order nonlinear optical
susceptibility tensors, moreover no information regarding the
microscopic first hyperpolarizability terms which cumulatively
yield a bulk observable second order susceptibility term,
ngk)(w), which in turn is responsible for the high SHG response.
Therefore, we thought it is worthwhile to perform comprehensive
theoretical calculation based on the density functional theory
within full potential method and the recently modified Becke-
Johnson potential (mB]) to investigate the linear and nonlinear
optical properties B-BaTeMo,09 and a-BaTeMo,0, phases and the
influence of the phase transition from f — o on the linear and
nonlinear optical properties. In the recent years due to the
improvement of the computational technologies, it has been
proven that the first-principles calculation is a strong and useful
tool to predict the crystal structure and its properties related to the
electron configuration of a material before its synthesis.*>*®

2. Calculation methodology

To investigate the linear and nonlinear optical properties of the
two phases, the X-ray diffraction data obtained by Zhang et al.*
were used as input data for comprehensive theoretical calculation.
The experimental geometrical structures were optimized using the
all-electron full potential linear augmented plane wave plus local
orbitals (FPLAPW + lo) method as implemented in WIEN2k code*”
within generalized gradient approximation (PBE-GGA).* The
resulting relaxed geometry was used to calculated the linear and
nonlinear optical properties using the recently modified Becke-
Johnson potential (mBJ).* The modified Becke-Johnson potential
allows the calculation with accuracy similar to the very expensive
GW calculations.” It is a local approximation to an atomic “exact-
exchange” potential and a screening term. The spherical harmonic
expansion was used inside the non-overlapping spheres of muffin-
tin radius (Ryr) and the plane wave basis set was chosen in the
interstitial region (IR) of the unit cell. The Ry for Ba, Mo, Te and O
atoms were chosen in such a way that the spheres did not overlap,
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these values are 2.44 (2.47) a.u. for Ba B («), 1.79 (1.83) a.u. for Te B
(), 1.61 (1.62) for Mo B (=) and 1.46 for B (o) O. To achieve the total
energy convergence, the basis functions in the IR were expanded
up to Ryt X Kmax = 7.0 and inside the atomic spheres for the wave
function. The maximum value of [ were taken as /., = 10, while
the charge density is Fourier expanded up to Gyay = 12.0 (a.u.) 1. A
self-consistency is obtained using 300 Fpoints in the irreducible
Brillouin zone (IBZ). The self-consistent calculations are converged
since the total energy of the system is stable within 0.00001 Ry. The
linear optical properties were calculated within 1000 Fpoints in
the IBZ while the nonlinear optical properties are obtained within
2000 % points in the IBZ.

It has been reported that the B-phase of BaTeMo0,0q crys-
tallized in non-centro-symmetric monoclinic structure with
space group P2,, while o-phase crystallizes in non-centro-
symmetric orthorhombic Pca2, space group.“** The mono-
clinic and orthorhombic symmetry allows three non-zero
components of the second-order optical dielectric tensor cor-
responding to the electric field £ being directed along a, b, and
c-crystallographic axes. We identify these with the x, y and z
Cartesian directions. The imaginary part of the three principal
complex tensor components completely defines the linear
optical susceptibilities. These are &, (w), &%(w) and &%(w)
which originates from inter-band transitions between valence
and conduction bands. According to the dipolar selection rule
only transitions changing the angular momentum quantum
number [ by unity are allowed. The imaginary parts can be
calculated using the following expression:20

ij 8 zh v Ve
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where m, e and & are the electron mass, charge and Planck's
constant, respectively. f. and f;, represent the Fermi distributions
of the conduction and valence bands, respectively. The term p. (k)
denotes the momentum matrix element transition from the
energy level c of the conduction band to the level v of the valence
band at certain k-point in the BZ and V is the unit cell volume.

The complex second—order nonlinear optical susceptibility
) can be generally written as:*'">*
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From these formulae we can notice that there are three major
contributions to y; Zk) (—2w; w; w): the inter- band transitions Yinger’<
(—2w; w, w), the intra-band transitions yinea” (—2w; w, ) and the
modulation of inter-band terms by intra-band terms xmodyk(wa;
w, w), where n # m # L. Here n denotes the valence states, m the
conduction states and 1 denotes all states (1 # m, n). There are two
kinds of transitions that can take place, one of them vec’, involves
one valence band (v) and two conduction bands (c and ¢'), and the
second transition wv'c, involves two valence bands (v and v') and
one conduction band (c) The symbols are defined as A, (k) =

Inn' (k) — O m'(K) with Jpp,’ being the i component of the electron
velocity ~given as  Yam'(k) =  iwgmEram'(k) and
{ram (K)rmd (k) } = (rnm ()t (K) + Fond ()t (K)). The  posi-

tion matrix elements between band states n and m, rnmi(E), are
calculated from the momentum matrix element P’ using the
relation:®  rom!(k) = M,

imwnm (k)
between the states n and m given by Aw,m = A(wn — ©Om)- fom =/fa
— fm is the difference of the Fermi distribution functions. 7, j and k
correspond to Cartesian indices. It has been demonstrated that
only the one-electron virtual transitions (transitions between one
valence band state and two conduction band states, vec') give a
significant contribution to the second-order tensor.>* We ignore
the virtual-hole contribution (transitions between two valence
band states and one conduction band state, vw'c) because it was
found to be negative and more than an order of magnitude
smaller than the virtual-electron contribution for this compound.
For simplicity we denote x; 2,() (—2w; w; w) by x (). The subscripts
i, J, and k are Cartesian indices.

with the energy difference

B — BaTeMo,O,

wmnz(wmn - (1))

It is clear that from the formulae (1)-(4) that the energy gap's
value comes in the denominator of these formulae thus, the
linear and nonlinear optical properties are very sensitive to the
energy gap's value. Therefore, to obtain an accurate results it is
necessary mBJ or similar approach.

3. Crystal structure of f-BaTeMo0,0q
and o-BaTeMo,0q

The crystal structure of B-BaTeMo,0, and a-BaTeMo0,0, are
shown in Fig. 1. f-BaTeMo,0, and a-BaTeMo0,0, are 2D layered
structures. In the unit cell of a-phase the length of two axes are
almost double of that in B-phase. f-phase consist of two symmetry
independent MoOg octahedra and one TeO, polyhedra which
interconnect to form the 2D anionic layer, while a-phase contains
TeO3, TeO, polyhedra and MoOg octahedra, the MoOg combine
with three nearest neighbor MoOs through the corners to form
1D-zigzag chain of the tetramer Mo,O,,. The resulting Mo,O,q
linked to TeO; and TeO, to form the 2D anionic layer with Ba>*
cations located between the layers.

In B-BaTeMo,0O, phase the Te(1)O, polyhedra is formed
between Te(1) with O(1), O(2), O(3) and O(4), and the two Mo(1)Os
octahedra is formed between Mo(1) and O(1), O(3), O(4), O(5),
0O(6), O(7), the second Mo(2)Os octahedra is formed between
Mo(2) and O(1), O(2), O(3), O(7), O(8), O(9). The asymmetric unit
of B-BaTeMo,0y phase has a BaTeMo0,0, formula as shown in
Fig. 1(a). In a-BaTeMo0,0y the Te(1)O, polyhedra is formed
between Te(1) with O(2), O(9), O(10) and O(11), the Te(2)O; poly-
hedra is formed between Te(2) with O(2), O(7) and O(18), the four
Mo(1)O¢ octahedra is formed between Mo(1) and O(1), O(2), O(3),

(@)

Fig. 1

(b)

(@) Molecule of B-BaTeMo,0g phase which show in B-BaTeMo,Og there is one TeO,4 polyhedra and the two MoOg octahedra; (b)

molecule of a-BaTeMo,0g phase which show in a-BaTeMo,0Og there are one TeO4 polyhedra, one TeOs polyhedra and four MoOg octahedra.
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0(4), O(8), O(9), the second Mo(2)O¢ octahedra is formed between
Mo(2) and O(9), O(11), O(12), O(13), O(14), O(17), the third Mo(3)
O, octahedra is formed between Mo(3) and O(10), O(13), O(15),
0(16), O(17), O(18) and the fourth Mo(4)O, octahedra is formed
between Mo(4) and O(1), O(5), O(6), O(7), O(8), O(18). The asym-
metric unit of a-BaTeMo0,0, phase has a Ba,Te,M0,0,5 formula
thus double of B-BaTeMo0,0, phase as shown in Fig. 1(b). There-
fore, a-BaTeMo,0, phase posses more complicated structure than
-BaTeMo0,0, phase.

4. Results and discussion

4.1. Salient features of the band structures

Based on our calculated band structure within mBJ we found
that f-BaTeMo,0y and o-BaTeMo,0y phases exhibit indirect
band gap of about 2.93 eV (B) and 3.12 eV () in good agreement
with the measured values 2.95 eV (B) and 3.12 eV (a) obtained
from UV-vis diffuse reflectance spectroscopy.' It is interesting to
highlight that previous calculations based on CASTEP code
within LDA and GGA exhibit that the B-BaTeMo,0y possess a
band gap of about 2.61 eV (LDA) and 2.67 eV (GGA).* While the
ABINIT code within GGA show that -BaTeMo,0, have a gap of
about 2.78 eV.? Thus, its clear that the mBJ approach succeed by
large amount in bringing the calculated energy gap closer to the
experimental one as we expected from this approach.*?”

4.2. Linear optical properties and birefringence

In our previous work we have comprehensively investigated the
band structure dispersion, density of states and the electronic
charge density distribution of f-BaTeMo0,0y and a-BaTeMo0,0q
phases.”® From the calculated properties we found that the two
phases exhibits very promising structures. Thus, we are inter-
ested to explore and exploit the electronic structure of these two
phases therefore, for deep insight into the electronic structure
the optical properties of the two phases were investigated and
analyzed in details. We have calculated the imaginary and real
parts of the frequency dependent optical dielectric functions.
The calculations of the frequency-dependent dielectric function
involve the energy eigenvalues and electron wave functions. The
optical components are determined by inter-band transitions
from valence- into conduction-bands. According to the dipolar
selection rule only transitions changing the angular
momentum quantum number [ by unity (4 = +1) are allowed.

The linear response of the system to electromagnetic radia-
tion can be described by means of the dielectric function ¢(w) =
&1(w) + iey(w) which is related to the interaction of photons with
electrons. Two kinds of contributions to ¢(w) are usually
distinguished, namely intra-band (Drude term) and inter-band
electronic excitations. Drude term is not present in semi-
conductors, it present only for metals and semi-metals. The
dispersion of the imaginary part of the dielectric function
&M (w), &”(w) and &%(w) can be calculated from the
momentum matrix elements between the occupied and unoc-
cupied wave functions, giving rise to the selection rules as
shown in Fig. 2(a) and (b). In order to identify the spectral
structures in &,*(w), &’”(w) and &,%(w) we need to look at the
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magnitude of the optical matrix elements. The observed struc-
tures would correspond to those transitions that have large
optical matrix elements. We have indicated these transitions in
our calculated band structure and partial density of states
diagrams (Fig. S as ESI}). The electronic band structure and the
associated partial density of states suggests that the first spec-
tral structure in &, (w), £”(w) and &,%(w) is due to the transi-
tion from O-s/p, Te-s/p/d, Ba-s and Mo-s/p states to Te-s/p/d, O-
s/p, Ba-s and Mo-s/p states. The second structure corresponds to
transition between Mo-s/p/d, Ba-s, O-s/p, Te-s/p/d states and O-
s/p, Te-s/p/d, Ba-s/d, Ta-s/p/d states. A remarkable fact
regarding the first peak in &,™(w), &”(w) and &,%(w) is that its
width is essentially determined by the width of the highest
occupied valence band. Broadening is taken to be 0.1 eV which
is traditional for oxide crystals and is typical of the experimental
accuracy. Following Fig. 2(a) and (b) we notice that the funda-
mental optical absorption edge for e,(w), £,””(w) and &,%(w) are
2.92 and 3.12 eV for B-BaTeMo0,0, and o-BaTeMo,0, phases,
respectively. The edges of the optical absorption give the
threshold for direct optical transitions between the top of
valence band and bottom of conduction band. We would like to
mention that there exists a considerable anisotropy between the
three principal complex tensor components &,*(w), &% (w) and
&,%(w), the anisotropy vary from B-phase to a-phase. We should
emphasize that the anisotropy in the linear optical suscepti-
bilities favors an enhanced phase matching conditions neces-
sary for observation of the second harmonic generation (SHG)
and optical parametric oscillation (OPO).

The real part &,(w), ¢/%(w) and &,%(w) of the corresponding
principal complex tensor components are obtained from the
imaginary part of these principal complex tensor components by
means of Kramers-Kronig transformation® as shown in Fig. 2(a)
and (b) The vanishing frequency value of the dielectric function
defines the static electronic dielectric constant ¢,(0), ¢’?(0) and
&%(0). Table 1 show the static electronic dielectric constant of B-
BaTeMo,0, and a-BaTeMo,0, phases. It has been found that -
BaTeMo,0, phase yields a larger £¥"%#(0) value than that for a-
BaTeMo,0, phase. Therefore, a smaller energy gap yields a larger
£37¢"8°(0) value. This could be explained on the basis of the Penn
model.*® Penn proposed a relation between (0) and Eg, £(0) = 1 +
(hwp/Ey)’. Eg is some kind of averaged energy gap which could be
related to the real energy gap.

There are other important features in the optical spectrum,
such as the uniaxial anisotropy de = [(el) — £5-)/ea¥"%8] which can
be obtained from the static electronic dielectric constant ¢,7*(0),
£%(0), &%(0) and £1"°"*%%(0). Since in B-BaTeMo,0, phase the
value of ¢™(0) is closer to that of &%(0) therefore

Xx 2z
& (0) + e1%(0) represent i (w) while &7%(0)

2 represents
P(0) +&*(0)
2

. €
¢l(w). Whereas in a-BaTeMo,0, phase — represent

ei (») and &,°%(0) represents &l(w). It has been found that these
materials exhibit positive uniaxial anisotropy and a-phase show
higher value than B-phase, these values are listed in Table 1. The
other features in the optical spectrum are the plasmon oscilla-
tions w,™, wy”” and w,™, which are associated with inter-band
transitions. The plasmon maximum is usually the most
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Fig. 2 (a) Calculated £,(w) (dark solid curve-black color online),
&”(w) (light long dashed curve-red color online) and &,**(w) (light
dotted dashed curve-green color online) along with calculated & (w)
(dark solid curve-blue color online), e¥(w) (light dashed curve-brown
color online) and &**(w) (light sold curve-violet color online) for B-
BaTeMo,Oq; (b) calculated e,*(w) (dark solid curve-black color online),
&?”(w) (light long dashed curve-red color online) and &,**(w) (light
dotted dashed curve-green color online) along with calculated &*(w)
(dark solid curve-blue color online), e (w) (light dashed curve-brown
color online) and &;**(w) (light sold curve-violet color online) for a-
BaTeMo,Oq; (c) calculated o, (w) (dark solid curve-black color online),
" (w) (light dashed curve-red color online) and ¢,°*(w) (light dotted
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intense feature in the spectrum and this is at energy where
& (w), e7”(w) and &,%(w) crosses zero which is associated with
the existence of plasma oscillations. The obtained values of the
plasma frequency are presented in Table 1. In order to gain
more detailed information regarding the electronic structure of
B-BaTeMo0,0, and ao-BaTeMo,0y phases, the optical conduc-
tivity o(w), absorption coefficient I(w), reflectivity spectra R(w),
refractive indices n(w) and the associated birefringence 4n(w)
were calculated and compared with the available experimental
data-1—3,10,11

The optical conductivity o,(w) and ¢4(w) were calculated

using the expression ¢(w) = ¢;(w) +iey(w) =1+ M, and

presented in Fig. 2(c) and (d). The expression show that o(w) is
directly related to the complex dielectric function. The imagi-
nary part ¢,"(v), 6,”*(v) and ¢,%(w) between 0.0 and the values
of wp™ “ exhibit overturned features of &,™(w),
&””(w) and &,%(w), whereas the real parts o, (), o/”(w) and
01;%(w) show similar features to that of & (w), &(w)
and &,%(w).

The calculated absorption coefficient I(w) of B-BaTeMo0,0q
and a-BaTeMo0,0, phases, presented in Fig. 2(e) and (f), shows
the fundamental optical absorption edges situated at 2.85 and
3.11 eV thus matching the experimental value of the absorption
edges (2.95 and 3.12 eV)." It has been noticed that I'*(w), P*(w)
and I¥(w) of both phases increases drastically after the funda-
mental optical absorption edges. We should emphasize that B-
and a-phases exhibit a wide optical transparency region (886-
4350 A) and (886-3987 A), respectively.

»
, wz” and wy

dashed curve-green color online) along with calculated o;*(w) (dark
solid curve-blue color online), o7 (w) (light dashed curve-red brown
online) and o:**(w) (light solid curve-violet color online) for B-
BaTeMo,Oq; (d) calculated ¢,*(w) (dark solid curve-black color
online), 2% (w) (light dashed curve-red color online) and ¢,**(w) (light
dotted dashed curve-green color online) along with calculated o1™(w)
(dark solid curve-blue color online), o7 (w) (light dashed curve-red
brown online) and ¢;**(w) (light solid curve-violet color online) for a.-
BaTeMo,Oy; (e) calculated absorption coefficient F*(w) (dark solid
curve-back color online), »¥(w) (light dashed curve-red color online)
and F#(w) (light dotted dashed curve-blue color online) spectrum for
B-BaTeMo,Qq, the absorption coefficient in 10* cm™2; (f) calculated
absorption coefficient /*(w) (dark solid curve-back color online), /¥ (w)
(light dashed curve-red color online) and *(w) (light dotted dashed
curve-blue color online) spectrum for a-BaTeMo,0O,, the absorption
coefficient in 10* cm™%; (g) calculated R*(w) (dark solid curve-black
color online), R”(w) (light dashed curve-red color online), and R*(w)
(light dotted dashed curve-blue color online) for B-BaTeMo,Og; (h)
calculated R*(w) (dark solid curve-black color online), R¥(w) (light
dashed curve-red color online), and R**(w) (light dotted dashed curve-
blue color online) for a-BaTeMo,Oq; (i) calculated refractive indices
n*(w) (dark solid curve-black color online), #*¥(w) (light dashed curve-
red color online) and n*(w) (light dotted dashed curve-blue color
online) spectrum B-BaTeMo,QOq; (j) calculated refractive indices n"*(w)
(dark solid curve-black color online), n*¥(w) (light dashed curve-red
color online) and n“*(w) (light dotted dashed curve-blue color online)
spectrum a-BaTeMo,Og; (k) calculated birefringence 4n(w) for a-
BaTeMo,Ogq (dark solid curve-black color online) and B-BaTeMo,Oq
(light long dashed curve-red color online).
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The calculated optical reflectivity spectra R*(w), R”(w) and
R¥*(w) along the polarization directions [100], [101] and [001] are
shown in Fig. 2(g) and (h). It has been found that the first
reflectivity minima occurs between 7.0 and 9.0 eV for f-
and o-phases, the region where the values of plasma resonance
situated that confirms the occurrence of a collective plasmon
resonance in concordance with our observation in Fig. 2(a-d).

Further, we have calculated the refractive indices of - and a-
phases as shown in Fig. 2(i) and (j). The calculated values of the
refractive indices at the static limit and at A = 0.4 um show
reasonable agreement with the experimental data.*** These values
are listed in Table 1. It has been noticed that n™(w), #*(w) and
n%(w) reach their maximum at the energy region between 3.0 and
3.5 eV, then gradually decreases to go beyond unity, they cross the
unity at the values of w,™, wy” and w,™. From the calculated
refractive indices we can plot the birefringence carve and obtain
the birefringence values at static limit and at any wavelength. The
birefringence is important 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, 4n(w) = ne(w) — no(w), where ny(w) is the index of
refraction for an electric field oriented along the c-axis and n.(w) is
the index of refraction for an electric field perpendicular to the c-
axis. Fig. 2(k) shows the birefringence 4n(w) dispersion of p- and
a-phases. The calculated birefringence at zero limit and at A =
404.7 nm in comparison with the experimental values**® are listed
in Table 1. It has been found the both phases exhibit a positive
birefringence and a-phase show higher birefringence's value than
that of B-phase indicating that a-phase exhibit higher anisotropy
that that of f-phase in concordance with our observation from de
values (Table 1).

4.3. Second harmonic generation and hyperpolarizability

B-BaTeMo0,0, and a-BaTeMo,0, phases crystallized in non-
centro-symmetry structure results in the loss of the inversion

Table 1 The calculated energy band gap in comparison with the experimental value, e7*(0), e£”(0), £:7(0), e£¥<"29%(0), de, wx™, w,"

n(0), n**(0) and 4n(0)
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symmetry which in turn gives a non-zero second harmonic
generation (SHG). The monoclinic structure with space group
P2, allows eight nonzero complex second-order nonlinear
optical susceptibility tensors x(fl)z(—Zw; w; ), x(122)3(—2w; w; ),
X (—20; 0; ©), x5h(—20; w; w), XF1(—20; ©; ©), XFs(—2w; w;
w), X(321)2(—2w; w; w) and ngz)3(—2w; w; ). Whereas the ortho-
rhombic Pca2; space group allows only five nonzero complex
second-order nonlinear optical susceptibility tensors
X205 5 w), xFa(—20; w; ), Xh(—20; 0; ©), XPa(—20; w;
w) and x(szg,)s(—Zw; w; w). It is well known that the nonlinear
optical properties are more sensitive to small changes in the
band structure than the linear optical properties,* since the
asymmetric unit of B-BaTeMo,0, phase has a BaTeMo0,0q
formula while the asymmetric unit of a-BaTeMo,0, phase has a
Ba,Te,Mo0,0,3 formula, this will arise differences in the band
structures and wave-functions. Therefore, we expected that the
a-phase will exhibit higher SHG than that of B-phase. But as we
had mentioned before that in a-BaTeMo,0O, there are one TeO,
polyhedra, one TeO; polyhedra and four MoOs octahedra,
which are responsible for the high local SHG response.
However, the arrangement of the dipole moments in TeO,, TeO;
and four MoOg are not oriented parallel to each others which
cause to produce local SHG signals in random directions
resulting in weaken the net SHG" in a-BaTeMo0,0, phase. While
the arrangement of the dipole moments in TeO, polyhedra and
the two MoOg octahedra of B-BaTeMo0,0, phase in a way cause
to strength the net SHG." 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.*

The SHG is very sensitive to the energy gap's value as the
energy gap comes in the denominator of the formulae (2)-
(4).** Although mBJ approach succeed by large amount in
bringing the calculated energy gap closer to the experimental
one thus, we have applied the scissors correction to bring the
value of the calculated energy gap exactly to the measured gap.

Y w5, n™(0),

B-BaTeMo0,0, o-BaTeMo0,0g
This work Exp. This work Exp.
Eg (eV) 2.93 (mBJ)* 2.954 3.12 (mBJ)* 3.12¢
£°(0) 4.63 4.99
&27(0) 4.91 4.00
&%(0 4.46 4.40
£5verage ) 4.66 4.46
o 0.078 0.177
0™ 8.82 8.47
wg” 8.47 8.70
wp? 8.05 8.79
n™>(0) 2.15%, 2.84* (A = 0.4 um) 2.24%,2.94% (A = 0.4 um) 2.127¢ (1 = 0.4 pm)
”(0) 2.21%,2.97% (A = 0.4 um) 1.99%, 2.37* (A = 0.4 um) 2.16” (2 = 0.4 pm)
n%(0) 2.11%, 2.59* (A = 0.4 um) 2.09, 2.57* (1 = 0.4 pm) 2.43" (A = 0.4 um), 2.42°
(A=0.4 pm)
4n(0) 0.080, 0.210* (1 = 404.7 nm) 0.198” (A = 404.7 nm) 0.187, 0.440* (A = 404.7 nm) 0.305”° (A = 404.7 nm)

@ Ref. 1. ” Ref. 13. © Ref. 3.
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Fig.3 (a) Calculated [x{% (w)| for the eight tensor components of B-BaTeMo,Og phase; (b) calculated |xiz (w)] for the five tensor components of a.-

BaTeMo,Og phase; (c) calculated imaginary x&,(w) (dark solid curve-black color online) and real x5, (w) (light dashed curve-red color online)
spectra of B-BaTeMo,0g phase; (d) calculated imaginary B, (w) (dark solid curve-black color online) and real x3,(w) (light dashed curve-red

color online) spectra of a-BaTeMo,Og phase; (e) calculated total IMxZs(w) spectrum (dark solid curve-black color online) along with the intra
(2w)/(1w) (light solid curve-blue color online)/(light dashed doted curve-cyan color online) and inter (2w)/(lw) (light long dashed curve-red color
online)/(light doted curve-green color online) -band contributions of B-BaTeMo,0Og phase, here all ImyD,(w) are multiplied by 1077, in esu units;
(f) calculated total Imy@,(w) spectrum (dark solid curve-black color online) along with the intra (2w)/(1w) (light solid curve-blue color online)/
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Table2 Calculated |x{2(w)
Where 1 pm V™1 =2.387 x 107°

| and Bji of B-BaTeMo,0Og and a.-BaTeMo,0g in pm V™
esu. Following this table we can see that B-BaTeMo,Og exhibit larger SHG than that of a-BaTeMo,0Og which is

RSC Advances

! at static limit and at 2 = 1064 nm along with measured values.

very close to the experimental value of the well known KTiOPO, (KTP) single crystals which exhibits a SHG value of about 16.9,** 13.7,3* 154 +
023146 +103%174+17%169 + 33169 + 1.73°10.6 + 7.5 16.75 (ref. 41) and 16.65.4

B-BaTeMo0,0, o-BaTeMo0,0q4
Tensor Theory xgjk]( ) at Theory Tensor Theory ka(w] at Theory
components x;; 2 dy = 0. 5;@2 (w) A = 1064 dye = 0. 5ka) (w) components x;; k] dy = 0. SX(JQ (w) A = 1064 dye = O.sxgﬁ)(w)
|X112(w)| 13.62  dye = 6.81 34.59 dis=17.30  |x3s(w)] 0.16  dys = 0.08 0.27 dys = 0.14
|X12 ()| 1312 dy = 6.56 28.82 diy = 14.41 |x35()] 0.54  dy, =027 0.92 dry = 0.46
[x21(w)] 11.92  dy = 5.96 30.11 dyy =15.06  |x@i(w)] 028  dy =0.14 0.41 dy = 0.21
|X522]2(w)| 16.87 d,, = 8.44 40.91 dyy = 20.46 |x(322]2(w)| 141 dy =071 2.10 ds, = 0.11
[xZi(w)|  11.57  dys5 = 5.79 25.41 dys = 12.71 |x3s(w)] 019  dy; =0.095  0.25 ds; = 0.13
[x(@)] 345  dy; =1.73 7.76 dys = 3.88 Baza 2.291 x 3.376 x 107° at
107% (A = 1064 nm)

[xZa(w)]  14.25  dye=7.13 29.71 dz6 = 14.86
[xPs(w)|  3.31  dsy = 1.66 10.93 dzs = 5.47
B22o 6.787 x 6.787 x 1073°

107%° (A = 1064 nm)

The scissors correction is the difference between the calculated
and measured energy gaps. It is a consequence of a fact that the
DFT calculations usually underestimate the energy gaps with
respect to the experimental gaps. A very simple way to overcome
this drawback is to use the scissors correction, which merely
brings the calculated energy gap close to the experimental gap.
It has been found that the scissors corrections has a profound
effect on the magnitude of the complex second-order nonlinear
optical susceptibility tensors.

Fig. 3(a) and (b) illustrated the calculated |x,2£(w )| for the
non-zero complex second-order nonlinear optical susceptibility
tensors of B-BaTeMo0,0, and a-BaTeMo0,04 phases.

It is clear that B-phase show |X(222)2[ )| as the dominant
component among the others while |x$3,(w)| is the dominant
component in a-phase. The calculated values of |X,2 )| for
both phases at static limit and at 1.165 eV (A = 1064 nm) were
presented in Table 2 along with the other components. The
static values of the second order susceptibility tensor are very
important and can be used to estimate their relative SHG effi-
ciency. Following this table we can see that B-BaTeMo,Oq
exhibit larger SHG than that of a-BaTeMo,0, which is very close
to the experimental value of the well known KTiOPO, (KTP)
single crystals which exhibits a SHG value of about 16.9,%* 13.7,*
15.4 + 0.2, 14.6 + 1.0, 17.4 + 1.7, 16.9 + 3.3, 16.9 + 1.7,
10.6 £ 7.5, 16.75 (ref. 41) and 16.65.*

The imaginary and real parts of the dominant component were
calculated for B-BaTeMo0,0, and a-BaTeMo,0o phases as shown
in Fig. 3(c) and (d). From the imaginary part we can see that both
of Imx%)z(w) and Imx322[ ) have zero value below half the band
gap and slowly increases up after half the band gap since the 2w

resonance begin to contribute at energies above half the band gap
due to E — 2w terms in the denominator of the formalism (2)-(4).
The w resonance begins to contribute for energy values above the
energy gap. At low spectral range (below half the energy band gap)
the SHG optical spectra is dominated by the 2w contributions.
Beyond the fundamental energy gap (i.e. > 2.95 eV (B) and 3.12 eV
(o)) the major contribution comes from the w term. To support
this statement we have plotted the 2w/w inter-/intra-band contri-
butions to the total Imx[zzz]z(w) and Imxgzz)z(w) of the dominant
components of §- and a-phases. It is clear that each of w and 2w
resonances can be further separated into inter-band and intra-
band contributions as shown in Fig. 3(e) and (f).

In order to understand the origin of the nonzero complex
second-order nonlinear optical susceptibility tensors of B-
BaTeMo0,0, and o-BaTeMo0,0, phases therefore, we have
analyzed the spectrum of the calculated dominant compo-
nents |x%s(w)| and |x%,(w)| by correlated the features of this
spectrum with the features of the absorptive part of the cor-
responding dielectric function ¢,(w) spectra in terms of single
photon (w) and two photon (w/2) resonances as shown in
Fig. 3(g) and (h). The spectral structure confined between 1.47-
2.95 eV for B-BaTeMo0,04 and 1.56-3.12 eV for a-BaTeMo0,0q is
mainly originated from 2w resonance. The next spectral
structure between 2.95-7.0 eV (B-) and 3.12-7.0 eV (a-) is
associated with interference between 2w and w resonances.
The last spectral structure which is extended between 7.0-14.0
eV for both phases is mainly due to w resonance and is asso-
ciated with the second structure in &,(w).

We have calculated the microscopic first hyperpolarizability,
Bjjx, the vector components along the dipole moment direction

(light dashed doted curve-cyan color online) and inter (2w)/(1w) (light long dashed curve-red color online)/(light doted curve-green color online)

-band contributions of a-BaTeMo,Oq phase, here all Imx3.(w) are multiplied by 1077, in esu units; (g) — upper panel —

solid curve-black color online);
red color online) of B-BaTeMo,Og phase; (h) — upper panel -

calculated [xZx(w)| (dark

— lower panel — calculated £,™(w) (dark solid curve-black color online); calculated £,™(w/2) (dark dashed curve-
calculated |x8,(w)| (dark solid curve-black color online); — lower panel —

calculated

&, *(w) (dark solid curve-black color online); calculated &,*(w/2) (dark dashed curve-red color online) of B-BaTeMo,0Og phase.

This journal is © The Royal Society of Chemistry 2015
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for the dominant components |X(222)2(w)| and |x(322)2(w)| of B-
BaTeMo,0, and a-BaTeMo,0, phases at static limit and at A =
1064 nm (1.165 €V), using g, expression which is given else-
where.”” We should emphasize that the microscopic first
hyperpolarizability terms cumulatively yield a bulk observable
second order susceptibility term, ng,g(w), which in turn is
responsible for the high SHG response.**** These values are
listed in Table 2.

We would like to mention here that in our previous works*>*®
we have calculated the linear and nonlinear optical suscepti-
bilities using FPLAPW method on several systems whose linear
and nonlinear optical susceptibilities are known experimen-
tally, in those previous calculations we found very good agree-
ment with the experimental data. Thus, we believe that our
calculations reported in this paper would produce very accurate
and reliable results.

5. Conclusions

In summary, we have performed calculations of the linear and
nonlinear optical susceptibilities of B-BaTeMo0,0, and o-
BaTeMo,0, phases. The underestimation of the energy gap is
largely corrected by mB]J and partially by applying the scissors
correction therefore, we obtained a results based on corrected
gap which mach the experimental value. The calculated linear
optical properties reveals that o-BaTeMo,0, phases posses
lower SHG than that of f-BaTeMo,0, phase due to orientation
of the dipole moments in side TeO,, TeO; and four MoOg which
cause to produce local SHG signals in random directions
resulting in weaken the net SHG in a-BaTeMo,0y phases. -
phase exhibit SHG close to the experimental value of the well
known KTiOPO, (KTP) single crystals. We have analyzed the
spectrum of the calculated dominant components by correlated
the features of this spectrum with the features of ¢,(w) spectra in
terms of single photon (v) and two photon (w/2) resonances. We
have calculated the microscopic first hyperpolarizability, 6,
the vector components along the dipole moment direction for
the dominant components of f-BaTeMo0,0, and a-BaTeMo0,0q
phases at static limit and at A = 1064 nm.
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