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Electronic structure, spontaneous polarization and optical properties of single crystal BaTeMo;0g have
been investigated based on density-functional theory. It is found that BaTeMo, 09 has a direct-band-gap
of 2.78 eV and there exists obvious hybridization between O 2p-Te 5p and O 2p-Mo 4d states. The results
show that this compound is a good ferroelectric with large spontaneous polarization, which mainly arises
from the strong Te-O and Mo-0 hybridization. The interband contributions to the peaks of the optical
spectra are discussed in details. Furthermore, the nonlinear optical properties are calculated by using
2n+1 theorem applied to an electric-field dependent energy functional. The large NLO susceptibilities
reveal that BaTeMo,Og is a high-performance NLO crystal.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, noncentrosymmetric (NCS) compounds have
attracted great interest in materials chemistry because of their
important symmetry-dependent properties, such as ferroelectric-
ity, piezoelectricity, and second-order nonlinear optical (NLO)
behaviors [1-6]. In searching for NCS compounds, much attention
has been paid to oxides including the second-order Jahn-Teller
(SOJT) distortion cations [7,8] such as d° transition metal ions (Ti%*,
Mo®*, etc.) and cations with stereochemical activity of a lone pair
electrons of ns? (Pb#*, Bi3*, etc.). Both kinds of ions are suscepti-
ble to SOJT distortion for a nondegenerate ground state interacting
with the low-lying exciting state [9].

In this paper, we mainly pay our attention to a noteworthy NCS
oxide BaTeMo,0Og. In 2003, polycrystalline BaTeMo,0g was syn-
thesized by the solid-state reaction method by Ra et al. [9]. They
observed the extremely strong power second-harmonic genera-
tion (SHG) efficiencies (about 600 x SiO,) which attributes from
the polarization attributing to the Te**-0 and Mo®*-0 bonds con-
structively add [9]. In 2007, single crystal BaTeMo,Og (space group
P21,a=5.5346A,b=7.4562,c=8.8342 A, $=90.897°,Z=2) was syn-
thesized from a TeO,-MoO3 system by the flux method by Tao
etal.[10]. As a multifunctional NCS compound, the refractive index,
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electro-optic tensor, dielectric and piezoelectric properties of sin-
gle crystal BaTeMo;0g were also measured by them [10-12]. Their
experimental data revealed that BaTeMo,Og is not only a potential
nonlinear optical crystal but also a promising piezoelectric mate-
rial. In Fig. 1, we present the crystallographic structure of single
crystal BaTeMo,Og.

Nowadays, first-principles calculations based on density func-
tional theory (DFT) to predict the accurate properties of the new
materials can meet the requirements of the experimentalists for a
helpful theoretical data. We know that the optical measurements
on crystals require not only the superexcellent quality compounds
but also a special laboratory, at the same time, it is usually expen-
sive. Therefore, first-principles as an alternative for predicting the
optical properties can help us to interpret the experimental results
by investigating the microscopic structure of the compounds. Based
on the group theory, the space group P2 of BaTeMo,0g belong to
the point group 2 (C% ), which is the spontaneous polarization point
group. Therefore, single crystal BaTeMo;0g should be a promising
ferroelectric material. However, until now, as far as we know there
are no reports about the spontaneous polarization of BaTeMo;0g.
Using first-principles calculations based on density functional the-
ory, we have investigated the electronic structure, spontaneous
polarization and optical properties of single crystal BaTeMo,Og.
In addition, as materials with the point group C% usually exhibit
nonlinear optical properties, we also calculate its nonlinear suscep-
tibilities by using 2n+1 theorem [13,14] applied to an electric-field
dependent energy functional.
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Fig. 1. A view of the crystal structure of single crystal BaTeMo,0Og along the y-axis.

2. Computational method

In this work, we adopt the ABINIT package [15], a plane-wave
pseudopotential (PWPP) DFT code, which allows not only the usual
ground-state calculations but also the linear-response computa-
tions of phonons frequency, Born effective charges, spontaneous
electric polarization, dielectric, and piezoelectric tensors [16,17].
The geometry optimization, electronic structure, and optical prop-
erties are calculated by adopting the ultrasoft pseudopotentials,
which are generated by the scheme of Vanderbilt [18]. We use a
plane wave cut off of 40 hartrees, with an 8 x 8 x 8 Monkhorst-Pack
k-point mesh [19], and the Perdew-Burke-Ernzerhof functional
(PBE) [20] of GGA as exchange correlation potential. The Ba 6s
electrons, Te 5s and 5p electrons, Mo 4d and 5s electrons, as well
as O 2s and 2p electrons are considered as valence states in the
construction of the pseudopotentials. In order to obtain nonlin-
ear optical properties, we use norm-conserving pseudopotentials
according to the Troullier-Martins scheme [21] with local density
approximation (LDA) as the exchange correlation potential. We
adopt a plane wave cut off of 45 hartrees, with a mesh of 8 x 8 x 8
Monkhorst-Pack k-point.

For the linear and nonlinear response computations, the
technical details on the computation of responses to atomic dis-
placements, homogeneous electric fields, and strains are based on
the density-functional perturbation theory (DFPT) [22,23]. In order
to obtain the nonlinear optical susceptibilities, we present the com-
putation of third-order energy derivatives based on 2n + 1 theorem,
computation of energy derivatives up to third order only requires
the knowledge of the ground-state and first-order wave functions.
Considering the three Hermitian perturbations (A1, A2, and A3), the
mixed third-order derivatives can be calculated from the ground
state wave functions,
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In an insulator, the electric polarization can be expressed as a
Taylor expansion of the macroscopic electric field,

3 3
1 2
p; :Pf-i—ngj )ej+ZxEﬂ)8j81+---, (2)
j=1 jil=1
where P}, xV and x?) are the zero-field spontaneous polariza-

ij ijl
tion, linear djielectric éonstant, and second-order nonlinear optical
susceptibility [24], respectively. For the nonlinear optical suscepti-
bility, we only consider the electronic contribution (with the ions
at clamped positions) and the third-order derivative of the energy

Table 1
The theoretical and experimental lattice constants and volume of single crystal
BaTeMo;0g.

BaTeMo,0q a(A) b(A) c(A) V(A3)

Expt Ref. [9] 5.5346 7.4562 8.8342 37435

Cal (GGA) 5.6849 7.5721 8.9373 384.71
4

Energy (eV)
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Fig. 2. Band structure of single crystal BaTeMo,0q along the high symmetry direc-
tions in the Brillouin zone.

with respect to low-frequency electric fields,

(2) _ _i &8¢,

X == g B (3)
Based on above definition in Eq. (2), we can obtain the nonlinear

optical susceptibility when considering these electric fields as the

three perturbations. In addition, it is well-suited to adopt another

definition of the nonlinear optical susceptibility d tensor instead of

2 2

xgﬂ> (dijy = (1 /2)x§j,)).

3. Results and discussion

3.1. Electronic structure

In order to obtain the optimal geometry of single crystal
BaTeMo,Og, we carry out both geometric optimization and atomic
relaxation from the experimental lattice parameters to find the
equilibrium configuration until the change of the total energy in the
self-consistent calculations are less than 107 eV, and the remain-
ing forces on the atoms are less than 10> hartree/bohr. In Table 1,
we present the experimental and theoretical lattice parameters
of this compound. The calculated lattice parameters are in good
agreement with the experimental data.

Then, we perform the electronic structure calculations of
BaTeMo,Og according to the optimized lattice parameters. In Fig. 2,
we present the energy band structure along the high-symmetry
lines in the first Brillouin zone in the energy range of —12-4eV.
From Fig. 2, it is found that the top of the valence band (VB) and
the bottom of the conduction band (CB) are both at the G (0.0, 0.0,
and 0.0) point and the direct band gap (Eg) is about 2.78 eV. Gener-
ally, the band gaps predicted by DFT are smaller than experimental
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Fig. 3. Total and partial density of states of BaTeMo,0y. The Fermi level is set at
OeV.

data, so the Eg of this compound should be larger. In order to further
investigate the electronic structure of single crystal BaTeMo,0g, we
divide the occupied band structure into the three energy regions:
(i) bands lying from —11 to —9 eV, (ii) bands lying from —6 to —2 eV,
and (iii) bands within the range from —2 to O eV.

In Fig. 3, we give the total and partial density of states (DOSs)
of this compound. By investigating the energy band structure and
DOSs, it is found that region (i) contains 8 bands, which come from
Ba 6s, Te 5s, O 2s and 2p orbitals. For the total DOS, two sharp peaks
at10.25 and 9.3 eV are clearly visible; regions (ii) includes 30 bands,
which mostly arise from Te 5p, Mo 4d, and O 2p electrons, among
them it is found that the DOSs between O 2p and Te 5p, Mo 4d
electrons have similar peaks and character, which reveal that there
exists strong hybridization between O 2p-Te 5p and O 2p-Mo 4d
states; region (iii) with 24 bands mainly come from O 2p, Te 5s and
5p electrons, and with small contribution from Mo 4d electrons.
Above the Fermi level (E¢), the conduction band is dominated by
Mo 4d, O2p, and Te 5s states.

3.2. Spontaneous polarization

As the space group of single crystal BaTeMo;0g is P27, which
belongs to the polar point group 2 (Cf), one of the 10 polar point
groups (Cq, C3, C3, C4, Cs, Cm, Cov, C3y, Cay, Cgv) required for ferro-
electric characteristic. The modern theory of polarization [25-29]
provides the correct definition of Ps, as well as the theoretical
framework allowing one to compute it from the occupied Bloch
eigenvectors of the self-consistent crystalline Hamiltonian. In addi-
tion, we know that the atomic charge definitions can be categorized
in either static, based on the partitioning of the charge density into
contributions to the specific atoms, or Born effective charges (Z*),
defined by the change in polarization created by atomic displace-
ment. The Born effective charges tensors can be expressed as

. Q2 0Pg 2 0F 4

ia.p - ? 8u,~7a - ? 8E5 (4)

where Z* is the polarization per unit cell induced by displacement
of atomic i in direction « or the force exerted on atom by macro-
scopic electric field in the direction 8. The Born effective charges
(Z*) plays a fundamental role in understanding the polar ground
state and lattice dynamics. In this section, we mainly investigate Z*
and spontaneous polarization of single crystal BaTeMo,Og.

By calculating the linear response to atomic displacements
(phonon) and homogeneous electric fields, we get the Born effec-
tive charge tensors of BaTeMo,0g based on Eq. (4). The obtained

Table 2
Born effective charges (in atomic units) of Ba, Te, Mo;_,, O1_g in the single crystal
BaTeMo;0g.

AtonT;, Z, 7o 7 Zi Z, Zy Z z,

Ba 2.652.963.920 0.130.230.20 ~0.050.24
Te 2.674.293.77 0.47 ~0.160.120.93 0.640.49
Mo 6.796.594.10 1.37 1.120.26 0.41 ~0.03-0.34
Moy 5.856.60 4.54 0.84 ~0.20-0.18 1.47 0.540.06
0, ~1.841.782.56.0.82 0.320.46.0.27 0.12:0.82
0, ~1.363.521.420.34 ~0.250.521.17 0.060.59
0; ~2.372.1+-2.020.76 0.26-0.60-1.09 ~0.360.62
04 ~2.852.062.02.1.62 ~0.290.27-1.10 -0.16-0.47
0s ~2.202.141270.85 ~0.740.850.99 ~0.310.56
06 ~0.932.392.120.11 ~0.0+1.390.15 ~0.02-1.07
0y -3.523.43.0.982.17 0.300.232.66 0.250.23
0g ~1.83-1.99.0.67 0.99 0.170.010.89 0.090.02
09 ~1.050.993.26.0.13 ~0.660.350.14 ~0.840.29

Z* from the two different perturbations are same, we give these
results in Table 2. As Z* can reflect the covalence of the bonding
environment of each atom with respect to their nominal ionic value,
and the nominal ionic value of Ba, Te, Mo, O are +2, +4, +6, and
—2. By comparing the ionic values with Born effective charges, it
is found that Z* of O, and O; (yy component) are obviously far
more anomalous than those of the rest atoms. According to the
crystal structure of this compound in Fig. 1, due to Mo; and Mo,
are located in the similar octahedron of O atoms, Z* of Mo; and O5
(yy component) are nearly equal, which reveal that Mo; and Mo,
make the same contribution to the spontaneous polarization (along
y-axis).

In order to calculate the spontaneous polarization, we adopt the
Berry phase method developed by Resta [25], King-Smith and Van-
derbilt [28,29]. In this work, we have calculated the spontaneous
polarizations of single crystal BaTeMo,0g by a finite electric field
method based on the Berry phase model. In the finite electric field
calculations, first, along the different crystal directions, we adopt
a series of positive weak homogeneous electric fields as perturba-
tion to obtain a series of electric polarizations until these values
tend to saturation. Next, similarly, using a series of weak nega-
tive homogeneous electric fields as perturbation, we get almost the
same absolute value of the saturated electric polarization. The total
polarization P for a certain material is the sum of the ionic polariza-
tion P;y, and electronic polarization Peje. Along the x, y, and z axes,
the obtained spontaneous polarization Py, Py, and P, of this com-
pound are 0, 11.87 and 0 .C/cm?, respectively. As the values of Py
and P; are zero, the spontaneous polarization is mainly along the
y-axis. Moreover, the calculated results reveal that the ionic and
electronic polarization Pj,, and Pgj. are —7.28 and 19.15 wC/m?,
respectively.

4. Linear and nonlinear optical properties

Generally, in condensed matter systems there are two con-
tributions to the complex dielectric function, viz. intraband and
interband transitions. In our dielectric function calculation we only
consider the electronic excitations and neglect the phonons effect.
The imaginary part of the dielectric function is given by

2
£a() = (zyﬂ‘l/:;wz) Z/Bzd3k2\<kn\p\kn'>| fin
1,]

x (1 = fiw JS(E; — E; —hw) (5)

where hw is the energy of the incident phonon, p is the momen-
tum operator, ‘kn) is a crystal wave function, f,, the Fermi-Dirac
distribution function, e and m represent the charge and the mass
of electron, the subscripts i and j denote the conduction and the
valence bands, respectively. We know that the imaginary part of
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Fig. 4. Imaginary part of the dielectric function of BaTeMo,Og corresponding to the
electric field parallel to a, b, and c direction, respectively.

the dielectric function is the pandect of the optical properties for
any materials. With the help of the Kramers-Kronig transformation
[30,31], the real part &1(w) can be calculated from the imaginary
part &;(w). In addition, the other optical constants (refractive index,
reflectivity, and absorption coefficient et al.) can derive from the
complex dielectric function. To avoid the theoretical error caused
from the underestimate the band gap in DFT, the scissor approxi-
mation [32-34] is widely used. In this work, we do not consider the
scissor approximation due to the lack of experimental band gap of
BaTeMo,0gq.

In Fig. 4, we give the frequency dependence dielectric functions
&5(w), sg(w) and &5(w) corresponding to the electric field parallel
to a, b and c-axis, respectively. It is found that the dielectric tensors
show obvious anisotropy. The spectra corresponding to E||a, E||b,
and E||c are different below 11 eV; however there is less difference
among them above 11 eV, which reveals the spectral anisotropy
occurs mainly within the lower energy region. In order to investi-
gate the three different frequency dependence dielectric functions,
we divide their peaks into four parts within the energy range: (i)
0-5eV (A), (ii) 5-12eV (B, C, D, E, and F), and (iii) 12-20eV (G,
H, and I). The lowest-energy peaks in range (i) are at around 4 eV,
which is dominated by the transition from top of the valences bands
to the conductions bands. These peaks mainly result from inter-
band transitions (O 2p to Mo 4d and Te 5p orbitals). The peaks
in region (ii) mainly arise from O 2p to Mo 4d and Te 5p. In the
high energy region (iii), the small peaks are due to transitions from

J. Zhang et al. / Journal of Alloys and Compounds 509 (2011) 4929-4934

lower-lying occupied level to higher-lying unoccupied levels. These
peaks mainly originate from the transitions from O 2s, 2p valences
bands to Mo 4d and Te 5p high-energy conduction bands.For a crys-
tal, the refractive indices can relate to the electronic polarizability
of ions and the local field inside the crystal. Moreover, they are
also connected to the electro-optical effect, and in ferroelectrics
the spontaneous polarization can induce the spontaneous electro-
optical effect in the ferroelectric phase. In Fig. 5, we present the
real part n(w) of refractive index. In order to compare our results
with experimental values [9], we give the refractive indicesn(A)as a
function of wave A. It is noted that the polarization directions of the
two orthorhombic refractive indices ny and ny are in the ac-plane,
and n, is parallel to crystallographic b-axis. From Fig. 5, it is found
that in the range of the short wavelength between 0.4 and 0.6 .m,
the refractive indices are slightly larger than the experimental val-
ues; in the range of wavelength between 0.6 and 1.1 um, the results
are in good agreement with the experimental values.

The reflectivity R(w), absorption coefficient I(w), extinction coef-
ficient k(w), and energy-loss spectrum L(w) are presented in Fig. 6.
Generally, the peaks of the energy-loss spectrum L(w) show the
characteristic associated with the plasma response and the cor-
responding frequency is the so-called plasma frequency, above
which the material exhibits the dielectric behavior [£1(w) > 0], how-
ever below which the material displays the metallic properties
[e1(w)<0]. Because of the peaks in L(w) spectra are the points
corresponding to transition from metallic character to dielectric
property, we find that in the vicinity of locations of 12, 14, 20 and
39eV the one prominent peaks located and other three small peaks
are consistent with &1(w). Furthermore, the peaks of energy-loss
spectra corresponding to the abrupt reduction of L(w) can be seen
Fig. 6. Except refractive index, there are no other optical constants
can make reference to the experimental values, so our study can be
as a prediction of the optical properties.

As a NLO material, as mentioned by Ra et al. [9], the large
SHG response of BaTeMo,0g9 mainly arise from the polarizations
due to the Mo%"-0 and Te**-0 bonds constructively add. How-
ever, until now, as far as we know there are no reports about the
NLO susceptibilities of BaTeMo,0g. Using 2n+1 theorem applied
to an electric-field dependent energy functional, we perform the
theoretical calculations of the NLO susceptibilities of this com-
pound. According to the calculated results, we find that the NLO
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Fig. 5. The calculated and experimental (illustration) frequency-dependent refractive indices n(X) of single crystal BaTeMo,Oy.
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Fig. 6. The calculated frequency-dependent optical constants: real part of the dielectric function &;(w), reflectivity R(w), absorption coefficient I(w), extinction coefficient

k(w), and energy-loss spectrum L(w).

susceptibilities of single crystal BaTeMo,Og have four independent
elements (Voigt notations) dy4, da1, d2, da3:

0 0 0 dys 0 dy
d=|dy dypp dy3 0 dig O (6)
0 0 0 dy3s O dqg

The values of the four independent elements dq4, d21, do2, do3
are2.22,-1.41,-3.38,and —3.15 pm/V, respectively. The large non-
linear susceptibilities reveal that BaTeMo,0g is a promising NLO
material.

5. Conclusion

In this paper, we have investigated the electronic structure, Born
effective charges, spontaneous polarization, linear and nonlinear
optical properties of single crystal BaTeMo,0Og in the framework of
density functional theory.

The electronic structure shows that BaTeMo,Og is an insulator
with a direct-band-gap of 2.78 eV and the O 2p states are strong
hybridized with Te 5p and Mo 4d states. The spontaneous polar-
ization and Born effective charges (Z*) are calculated based on a
Berry-phase approach. It is found that single crystal BaTeMo,0q
is a good ferroelectric with the large spontaneous polarization
(Ps=11.87 uC/cm?). The polarized direction is along the y-axis. By
investigating the Born effective charge of this compound, we find
that Z* of O and Mo atoms show relatively large anomalous behav-
ior. The strong Te-0O and Mo-0 hybridization is the mainly source
for the large spontaneous polarization.

With the help of the Kramers-Kronig transformation, we calcu-
late the complex dielectric function and the corresponding optical
properties. For the imaginary part of dielectric function, we analyze
the interband contributions to the different peaks. The optical spec-
tra are assigned to interband contribution between O 2p valence
bands to Mo 4d conduction bands in the low-energy region and
between O 2p valence bands and Te 5s, 5p conduction bands in the
high-energy region. The calculated refractive indexis in good agree-
ment with the experimental values. Using 2n+1 theorem applied
to an electric-field dependent energy functional, we perform the

theoretical calculations of the NLO susceptibilities of single crystal
BaTeMo,0g. We find that single BaTeMo,0g has four independent
elements (Voigt notations) d14, dy1, d2;, and dy3, and their values
are2.22,-1.41,-3.38,and —3.15 pm/V, respectively. The large non-
linear susceptibilities reveal that BaTeMo;,0g is a promising NLO
crystal.
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