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Abstract. The ground state properties of 3'-Tbs(MoQ4)s are investigated using the density functional
theory plus U-Hubbard Hamiltonian. To ascertain the influence of the spin-polarization on the ground
state properties of orthorhombic 3'-Tbs(MoQO4)s, we have performed spin-polarization calculations and
the spin-polarized electronic band structure for spin-up (1) and spin-down () are calculated. It has been
found that for spin-up (1) and spin-down (|) the 3'-Tba(MoQO4)s compound possesses indirect energy
band gap, as the valence band maximum (VBM) is located at Y point of the Brillouin zone (BZ) and the
conduction band minimum (CBM) at the center of the BZ. The calculated value of the band gap is 3.61 eV
for spin-up (1) and spin-down (), and it is in close agreement with the measured one (3.76 e€V). It is clear
that the electronic band structure for spin-up (1) and spin-down () cases presents identical configuration.
Therefore, we can conclude that the spin-polarization has identical influence on the ground state properties
of 3'-Tb2(Mo0Q4)s. To ascertain this observation, we have presented and explained the necessary ingredients
of the calculated total and atom-resolved density of states. It has been noticed that the calculated total
density of states (TDOS) for spin-up (1) and spin-down (|) cases are identical confirming that the spin-
polarization has identical influence on the ground state properties of 3'-Tbs(MoQO4)s. For more details, in
order to have deep insight into the electronic structure, we have presented the atom-resolved density of
states which show identical features for spin-up (1) and spin-down (|). The angular momentum projected
density of states (PDOS) helps to identify the angular momentum character of the various structures. To
obtain more details about the electronic structure and, hence, the ground state properties, the complex
first-order linear optical dispersion is calculated for spin-up (1) and spin-down (]) cases to ascertain the

influence of the spin-polarization on the ground state properties.

1 Introduction

Because of their valuable properties, molybdate crys-
tals have become considerable candidates for practical
applications in photonic, laser, thermoelectric and elec-
tronic technologies [1-8]. Molybdates containing rare-
earth ions gain special attention due to their poten-
tial application as laser and luminescent hosts [6-16]. In
molybdates, the rare-earth ions occupied low-symmetry
positions which is the main factor for the creation of
efficient luminescent media. It is interesting to mention
that rare-earth molybdates can be obtained in the form
of large single crystals of high optical quality, charac-
terized by high mechanical resistance, great resistance
to external factors, and interesting elastic and electric
properties [17]. Among the rare-earth molybdates is ter-
bium molybdate in /’-phase, 3'-Tbs(MoOy4)s (5'-TMO).
B'-TMO is a fully coupled ferroelectric-ferroelastic crys-
tal and it is a widely noticed material in addition to

a

e-mail: maalidph@yahoo.co.uk

Gdz(MoOy)s [18,19]. The transmission spectrum of J'-
TMO shows the energy band gap of about 3.76 eV [20]
and the #-TMO crystals are transparent over the range
of about 340-1750 nm. The molybdates possess a sequence
of the phase transitions with a temperature variation, and
the B and 3’ polymorph modifications are noncentrosym-
metric [21-25]. The 3’-Tbs(MoO4)s phase crystallizes in
orthorhombic symmetry with Pba2 space group at tem-
perature below 433 K [24,25]. The lattice parameters are
a =10.35387(6) A, b =10.38413(6) A, ¢ = 10.65695(7) A
and V = 1145.79(1) A® [26]. Tt is known that three differ-
ent types of (MoQO4)?~ tetrahedra having different mean
distances of Mo-O bonds are present in (3'-RE2(MoQOy)3
crystals, i.e., type-I, II, and III, three crystallographically
independent (MoO,)?~ tetrahedra form successive layers
along the c-axis [27-30]. Each (MoO4)?~ tetrahedron is
discrete, and each oxygen atom in (MoO4)?~ is bonded
only to one Mo atom, in addition to either one or two Th
atoms. Recently, MoOs-based crystals such as ZnMoQOy
and KLa(MoQOy)2 have been reported to be good hosts for
Th3+-doping and green emission [31,32]. Peng et al. [20]
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(d)

Fig. 1. Crystal structure of 3’-Tb2(MoQO4)s; (a, b) the MoOy4 tetrahedrons and TbO7 polyhedrons are linked by corners;
(c) MoOy tetrahedrons in 3'-Tbz(MoOQ4)s; (d) TbO7 polyhedrons in 3'-Tbz(MoO4)s.

have experimentally investigated the optical properties of
a novel ferroelectric and ferroelastic multiferroic material
Tba(MoOy4)s. They found that the transmission spectrum
of Thya(MoOy)s reflects the band gap of about 3.76 eV
and a large absorption peak at 486 nm is observed. They
have measured the photoluminescence of the Tho(MoO4)s3
and the peaks observed at 490, 540, 580 and 615 nm were
attributed to the electronic transitions of Th®* ions. The
strongest photoluminescence intensity is excited by the
light of 486 nm which is mainly caused by the energy ab-
sorption at 486 nm indicated in transmission spectrum.

From above we found that, in order to investigate the
ground state properties of 3'-The(MoQy)s, it is interest-
ing to perform spin-polarized calculation using the den-
sity functional theory plus U-Hubbard Hamiltonian. In
this report, we would like to reveal the influence of the
spin-polarization on the ground state properties of (-
TbQ (MOO4)3.

2 Details of calculations

The experimental structural geometry of 3'-Tba(MoOy4)s
compound [26] was optimized using the full potential
linear augmented plane wave plus the local orbitals
(FPLAPW + lo) method, as implemented in WIEN2k
code [33] within the generalized gradient approximation

(PBE -GGA) [34]. The optimized crystal structure of '~
Tha(MoOy)s is depicted in Figure 1. The structure con-
sists of MoQ, tetrahedrons and Th7 polyhedrons linked
by corners. For oxides and other highly correlated com-
pounds, local density approximation (LDA) and GGA are
known to fail in giving the correct ground state. In these
systems, the electrons are highly localized. The Coulomb
repulsion between the electrons in open shells should be
taken into account. As there is no exchange correlation
functional that can include this in an orbital independent
way, a simpler approach is to add the Hubbard-like on-site
repulsion to the Kohn-Sham Hamiltonian. This is known
as LDA+U or GGA + U calculations. There are different
ways in which this can be implemented. In the present
work, we used the method of Anisimov et al. [35] and
Liechtenstein et al. [36] where the Coulomb (U) and ex-
change (J) parameters are used. From the obtained re-
laxed geometry the ground state properties were deter-
mined using FPLAPW + lo [34,37,38] within GGA + U
(U-Hubbard Hamiltonian). We applied U on the 4f or-
bital of Tb atoms and the 4d orbital of Mo atoms, we
have testified several U values till we reached the energy
band gap values that agree well with the experimental
results [20,39-41]. The U values used here are 0.54 Ry
and 0.22 Ry for the 4f orbital of Th atoms and the
4d orbital of Mo atoms, respectively. The potential for
the construction of the basis functions inside the sphere
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Fig. 2. Calculated electronic band structure of 3-Tha(MoO4)s; (a) spin-up; (b) spin-down.

of the muffin-tin was spherically symmetric, whereas it
was constant outside the sphere. Self-consistency is ob-

tained using 800 k points 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 electronic band structure and the related properties

were performed within 1728 k points in the IBZ. It is well
known that first-principles calculations are a powerful and
useful tool to predict the crystal structure and its prop-
erties related to the electron configuration of a material
before its synthesis [42-45].

3 Results and discussion

3.1 Spin-polarized electronic band structure
and density of states

To ascertain the influence of the spin-polarization on the
ground state properties of orthorhombic 5'-Thy(MoOy)s,
the spin-polarized electronic band structure for spin-up
(1) and spin-down (|) are calculated, and the results are
shown in Figures 2a and 2b. It has been found that for
spin-up (7) and spin-down (|) the ’-Tba(MoOy4)s com-
pound possesses indirect energy band gap as the valence
band maximum (VBM) is located at Y point of the BZ
and the conduction band minimum (CBM) is at the cen-
ter of the BZ. For spin-up (1) and spin-down (] ) cases the
zero of the energy scale is taken at the top of the valence
band. The calculated values of the band gap are equal to
3.61 eV for spin-up (1) and spin-down (|) that is in close
agreement with the measured one (3.76 e¢V) [20,39-41].
It is clear that the electronic band structure for spin-up

(1) and spin-down (|) cases present identical structures
and, therefore, we can conclude that the spin-polarization
has identical influence on the ground state properties of
3'-Tha(MoO4)3. In contrast, with a-Euz(MoOy)s [46],
Coy VAl and CoaVGa [47] where the electronic band struc-
tures for spin-up (1) and spin-down (]) cases are not
identical. To ascertain this observation we have presented
and explained the necessary ingredients of the calculated
total and atom-resolved density of states, as shown in
Figures 3a-3g. Figure 3a presents the total density of
states (TDOS) for spin-up (T) and spin-down (|) cases
which are identical confirming that the spin-polarization
has identical influence on the ground state properties of
('-Tba(MoQy)s. For more details, in order to have deep
insight into the electronic structure, we have presented
the atom-resolved density of states which show identical
features for spin-up (1) and spin-down (|). The angu-
lar momentum projected density of states (PDOS) helps
to identify the angular momentum character of the vari-
ous structures. Figure 3b explore the contributions of Th,
Mo and O atoms to the electronic density of states of
spin-up (1) and spin-down (]) cases of #'-Tba(MoOy4)s3
which are identical. The contributions of Tb-4f and Mo-
4d are illustrated in Figure 3c which reveals that both
of Th-4f and Mo-4d govern the CBM, while the O-2p
state form the VBM for spin-up (1) and spin-down (), as
shown in Figure 3d. Whereas, the states Th-6s/5p/4d, Mo-
5s/4p and O-2s are very broad, extending from —5.0 eV
to 18.0 eV with different contribution for each state but
identical contribution for spin-up (1) and spin-down (])
cases, as shown in Figures 3d-3f. It has been noticed that
Th-6s, Mo-5s and O-2s states are strongly hybridized at
the VBM, whereas Th-6s and O-2s states hybridized at
the CBM (Fig. 3f). Also, Th-4d and O-2p states hybridized
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Fig. 3. Calculated spin-up/down total and partial density of states of 3'-Th2(MoOu4)s.

around 5.5 eV, Th-5p hybridized with Mo-4p at the VBM.
The hybridization may lead to the formation of covalent
bonds depending on the degree of the hybridization.

To visualize the charge transfer and the chemical bond-
ing characters, the valence band electronic charge density
distributions are calculated and analyzed in detail. Fig-
ures 4a—4d illustrated the calculated total valence charge
density distribution in (1 0 0) and (1 0 1) crystallographic
planes for spin-up and spin- down cases. According to
Pauling scale, the electro-negativity levels of Th, Mo and
O atoms are 1.1, 2.16 and 3.44, respectively. Therefore,
due to the electro-negativity difference between the atoms,
some valence electrons are transferred towards O atoms,

as it is clear from the O atom surroundings by uniform
blue spheres (indicating the maximal charge accumula-
tion). For both cases (spin up/down), the O atoms of
the MoQ, tetrahedrons form strong covalent bonds with
Mo atom. While the O atoms in ThO7 polyhedrons form
bonds with weak covalent component, as it is confirmed
by the interatomic distances Th-O and Mo-O. The in-
teratomic distances are listed in Table 1 in comparison
with the measured values [26], and good agreement was
found. We would like to highlight that the crystallographic
plane (1 0 0) shows O atoms of the ThO7 polyhedrons
in #-Tba(MoOy4)s which reveals that the O atoms ex-
hibit weak covalent bonds (see Figs. 4a and 4b). Whereas,
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Fig. 4. Calculated electronic charge density distribution; (a) the crystallographic plane (1 0 0) for spin-up show O atoms of
the TbO~7 polyhedrons in 3'-Th2(MoO4)s; (b) the crystallographic plane (1 0 0) for spin-down show O atoms of the ThO~
polyhedrons in 3’-Tb2(MoQOy)s; (c) the crystallographic plane (1 0 1) for spin-up show the MoQO4 tetrahedrons and ThO-
polyhedrons in 3'-Tha(MoQ4)s; (d) the crystallographic plane (1 0 1) for spin-down show the MoOy tetrahedrons and ThO~

polyhedrons in 3'-Tbha(MoO4)s.

the crystallographic plane (1 0 1) show the MoQOy tetrahe-
drons and TbO7 polyhedrons in #'-Tba(MoO4)s and the
O atoms of MoO, tetrahedrons exhibit strong covalent
bonds (see Figs. 4c and 4d).

3.2 Complex first-order linear optical dispersion
To obtain more details about the electronic structure and,

hence, the ground state properties, the complex first-order
linear optical dispersion is calculated for spin-up (1) and

spin-down (|) cases. Figure 5a illustrated the dispersion
of the imaginary part of the optical dielectric function
for spin-up (1) and spin-down (|) to ascertain the in-
fluence of the spin polarization on the optical proper-
ties. The first critical points (the absorption edges) for
the three components 3% (w) (1)(1), €5¥ (w)(1)(l) and
€5% (w) (1)(l) of the imaginary part of the optical dielectric
function along the polarizations directions [1 0 0], [0 1 0]
and [0 0 1] are located at 3.61 eV for the spin-up (7)
and spin-down (]), confirming our previous observation
from Figures 2—4 which reveal that the spin-polarization
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Table 1. Calculated interatomic distances in MoOy4 tetrahedrons and ThOr polyhedrons of 3'-Tbg (MoO4)s in comparison with

the measured one [26].

Bond Distance (A) Distance (A)
measured calculated
Th;-01 2.27(3) 2.26
Tbh1-0O4 2.31(5) 2.30
Th,-04 2.33(5) 2.32
Th:-05 2.31(3) 2.30
Th:-O7 2.59(3) 2.60
Thi-010 2.23(3) 2.22
Thy-012 2.17(4) 2.16
Th-02 2.42(3) 2.41
Tho-03 2.48(3) 2.49
Tho-03 2.48(3) 2.49
Tho-06 2.29(3) 2.27
The-08 2.26(3) 2.25
Tb2-09 2.40(3) 2.39
Thy-O11 2.20(3) 2.19

Table 2. Calculated 7 (0), }¥ (0), €1 (0), de, wp®, wiy¥, wi?,
n** (w), n¥ (w), n** (w) and An(w) of B'-Thy(MoQO4)s for
spin-up (1) and spin-down ().

Spin up (1) Spin down (|)
7% (0) 2.345 2.345
¥ (0) 2.351 2.351
2 (0) 2.436 2.436
oe —0.037 —0.037
wp” 13.428 13.428
wy? 13.416 13.416
wp® 13.428 13.428
n® (0) 1.531 1.531
n¥ (0) 1.533 1.533
n** (0) 1.561 1.561
An (0) 0.029 0.029

has identical influence on the ground state properties of
('-Tha(MoQOy)s. Following the optical selection rules, the
absorption edges occurs due to the transitions between the
states just below and above Fermi level (Er).

The first spectral structure in €3 (w) (1)(1), €5 (w)
(1) and 3% (w) (1)(l) occurs maily due to the transi-
tions between O-2p and Tb-4f states while the second
spectral structure occurs due to the allowed optical tran-
sitions between O-2p, Mo-5s/4p, Tb-5p/4d states of the
valence bands and O-2s/2p, Th-4d, Mo-4p/4d of the con-
duction bands. The tail occurs due to the transitions be-
tween O-2p, Th-4d/4f, Mo-4p of the VBs and O-2p, Th-
4d, Mo-4p of the CBs. This spectral structure exhibits the
lossless regions.

The real parts along the polarizations directions [1 0 0],
[010] and [0 0 1], as derived from the imaginary part
using Kramers-Kronig transformation [48], are presented
in Figure 5b. We found that the calculated values of
e (0), €9Y (0) and £3* (0) are identical for spin-up (7)
and spin-down (), as shown in Table 2. Based on Penn
model [49] we can derive the value of the energy band gap
from €97 (0), € (0) and £5* (0). Penn proposed a relation

Bond Distance (A) Distance (A)
measured calculated
Mol-O1 1.80(3) 1.79
Mo1-03 1.78(3) 1.77
Mo1-06 1.85(3) 1.85
Mo1-08 1.82(3) 1.83
Mo02-02 1.64(3) 1.63
Mo2-04 1.93(2) 1.92
Mo2-05 1.78(3) 1.79
Mo2-O7 1.52(3) 1.51
Mo3-09 1.66(3) 1.67
Mo3-010 1.68(3) 1.67
Mo3-011 1.80(3) 1.79
Mo3-012 1.83(4) 1.81

between ¢ (0) and Eg, € (0) =~ 1 + (hwp/Eg)Q, where E,
is an averaged energy gap. It is clear that £(0) is in-
versely proportional with E,. Since the 7% (0), ¥ (0)
and €% (0) values are the same for spin-up (1) and spin-
down (]), the obtained values of energy gaps following
Penn model are the same and, hence, the spin-polarization
has identical influence on the ground state properties of
3'-Tha(MoOy4)3. In addition, we have calculated the uni-
axial anisotropy de = [(ef! —e77)/ely] [50] for the spin-
up and spin-down cases at static limit, as listed in Ta-
ble 2. The values indicate the existence of considerable
anisotropy. It is clear that 3'-Tha(MoQy,)3 possesses nega-
tive uniaxial anisotropy. Another evidence is that the spin-
polarization has identical influence on the ground state
properties of 3'-Thya(MoOy)s. There are other features
in the optical spectrum of 7% (w) (1)(1), ¥ (w) (1)(1)
and 5% (w) (1)(]), such as plasmon oscillations, which are
associated with inter-band transitions. The plasmon max-
imum w7 () (D(L), w8 () (N(L) and w3* (@) (D(1) s
usually the most intense feature in the spectrum and
this is at energy where & (w) (1)(1), € (w) (1)(]) and
£ (w) (1)(]) crosses zero which is associated with the ex-
istence of plasma oscillations. The plasma frequency (en-
ergy) is calculated and presented in Table 2 which shows
that these values are identical for spin-up and spin-down.
B'-Thy(MoQOy)3 exhibit low reflectivity almost 20% along
the whole energy range, as illustrated in Figure 5e. The
reflectivity minima occurs around 12.0 eV confirming the
occurrence of collective plasmon resonance which repre-
sents the lossless regions.

In addition, we have calculated the refractive indices
n** (w), n¥¥ (w) and n** (w) for spin-up and spin-down,
as shown in Figure 5f. The values of the refractive at the
static limit are listed in Table 3. The refractive indices
have direct relation with the energy band gap (n = /¢)
and, therefore, we can estimate the value of the energy
band gap from calculated values of the refractive indices.
From the calculated values of the refractive indices we can
derive the values of the birefringence.
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Fig. 5. (a) Upper panel: the optical transitions depicted on a generic band structure of 3'-Tha(MoQ4)s for spin-up. Middle
panel: calculated €5” (w) (dark solid curve-black color online), £5¥ (w) (light dashed curve-red color online) and 5% (w) (light
solid curve-blue color online) spectra for spin-up/down. Lower panel: the optical transitions depicted on a generic band structure
of '-Tb2(MoOu4)s for spin-down; (b) calculated £1” (w) (dark solid curve-black color online), e¥¥ (w) (light dashed curve-red
color online) and £7* (w) (light solid curve-blue color online) spectra for spin-up/ down; (c) Calculated R*® (w) (dark solid
curve-black color online), R”Y (w) (light dashed curve-red color online) and R** (w) (light solid curve-blue color online) spectra
for spin-up/ down; (d) Calculated n®® (w) (dark solid curve-black color online), n”¥ (w) (light dashed curve-red color online)
and n** (w) (light solid curve-blue color online) spectra for spin-up/down.

From above it has been noticed that the three opti-
cal tensor components exhibit a considerable anisotropy
among each other.

4 Conclusions

The all-electron full potential linear augmented plane
wave (FPLAPW + lo) method within the generalized
gradient approximation plus the Hubbard Hamiltonian
(GGA + U) was used to calculate the spin polarized

electronic band structure, density of states, the chemical
bonding and the optical properties of 3'-Thy(MoO4)3. We
have applied U on 4f orbital of Th atoms and 4d orbital
of Mo atoms. The calculations show that 3'-Tbha(MoOy)3
is indirect band gap semiconductor for spin-up and spin-
down cases. We have calculated total valence charge den-
sity distribution in (1 0 0) and (1 0 1) crystallographic
planes for spin-up and spin- down cases. The calculated
bond lengths show very good agreements with the val-
ues derived by structural analysis. The optical properties
show the existence of a lossless region and considerable
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anisotropy. It has been found that the (3-Tby(MoOy4)s3
crystal exhibits negative uniaxial anisotropy.

The result was developed within the CENTEM project, Reg.
No. CZ.1.05/2.1.00/03.0088, cofunded by the ERDF as part
of the Ministry of Education, Youth and Sports OP RDI pro-
gramme and, in the follow-up sustainability stage, supported
through CENTEM PLUS (LO1402) by financial means from
the Ministry of Education, Youth and Sports under the “Na-
tional Sustainability Programme I”. Computational resources
were provided by MetaCentrum (LM2010005) and CERIT-SC
(CZ.1.05/3.2.00/08.0144) infrastructures.
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