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Electronic band structure of rare-earth ferroelastics:
theoretical investigations
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In the present work, the electronic band structure and optical properties of REx(MoOa)zare investigated. The ground state
energies and electronic structures were calculated using density functional theory (DFT) within the generalized-gradient
approximation (GGA). The real and imaginary parts of dielectric functions and hence the optical functions such as energy-
loss function, the effective number of valance electrons and the effective optical dielectric constant were also calculated.
The main structure element in all our of compounds is the MoOg4 tetrahedron. The presence of the MoO4 tetrahedra in the
lattice of Gd2(MoOa)s, the similarity of the band structure and optical spectra of Gd2(MoOa)s to those other tetraoxyanions of
molybdenium demonstrate an important role of the MoO4 tetrahedra in the formation of the energy spectrum of Gd2(MoOa4)3
and other RE2(MoOa4)s compounds. This means that the MoO4 tetrahedra determine the lower edge of the conduction band
and the upper edge of the valence band, and the conduction band is split into two subbands. The optical properties of

RE2(MoQg)3 are in good agreement with this conclusion and previous experimental data.
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1. Introduction

During the past few decades, much attention has been
paid to rare-earth oxides for developing novel optical
devices such as lasers, fiber amplifiers, displays and
sensors [1]. Also, rare earth doped single crystals
RE;(M00Q4); have been extensively studied as a candidate
material for applications such as fluorescence [2],
phosphors, ionic conductors [3], magneto- electric
switching [4], second harmonic generation [5], white light
emitting diodes [6]. One of the most important group
among these compounds is the family of acentric rare-
earth (RE=Gd, Dy, Th, Eu and Sm) molybdates that are
oxygen-tetrahedral ferroelectrics-ferroelastics -
RE;(M0Q4);. RE;(M00y)3 show different structural types
depending on the temperature [7-8]. The presence in
RE,(M0Q,4); of three independent groups of MoO,
tetrahedra with different Mo-O bonds and the relative
displacements of RE3* ions and the MoO, sublattices
(Mo®* ion coordinates by four oxygen ions, and the
resulting molybdenium coordination polyhedra can be
strongly distorted), as a result of a phase transition alter
many macroscopic and microscopic parameters of these
compounds[8]. The question of the nature of the
ferroelectric state of these oxides is closely related to the
electron interactions in them. It would be interesting to
study the electron structure and nature of chemical bonds
in REz(M00Oy)3, as well as the role of the MoO, tetrahedra
in the formation of the energy spectrum of electrons.

In the present work, the electronic band structure and
optical properties of RE,(M0QO,); are investigate. The

ground state energies and electronic structures were
calculated using the density functional theory (DFT)
within the generalized-gradient approximation (GGA)[9].
The real and imaginary parts of dielectric functions and
hence the optical functions such as energy-loss function,
the effective number of valance electrons and the effective
optical dielectric constant were also calculated. The main
structure element in all of our compounds is the MoO,
tetrahedron. The presence of the MoOQ, tetrahedra in the
lattice of Gd,(M00Qy,)s, the similarity of the band structure
and optical spectra of Gd,(MoQO4); to those other
tetraoxyanions of molybdenium demonstrate an important
role of the MoO, tetrahedra in the formation of the energy
spectrum of Gd,(MoO,); and other RE;(M00y)3
compounds. This means that the MoO, tetrahedra
determine the lower edge of the conduction band and the
upper edge of the valence band, and the conduction band
is split into two subbands. The optical properties of
RE,(M0Q,); are in good agreement with this conclusion
and previous experimental data [10].

2. Method of calculation

In the present paper, all calculations have been carried
out using the ab-initio total-energy and molecular-
dynamics program VASP (Vienna ab-initio simulation
program) developed at the Faculty of Physics of the
University of Vienna [11-14] within the density functional
theory (DFT) [15]. The exchange-correlation energy
function is treated within the GGA (generalized gradient
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approximation) by the density functional of Perdew et al.
[9]. We get good convergence using a 6 X6 X 3
Monkhorst-Pack [16] mesh grid for the total-energy
calculation with a cut off energy of 532 eV for
Gdy(M004); compound. The electronic iterations
convergence is 1.0 x 10~> eV using the Normal (blocked
Davidson) algorithm and reciprocal space projection
operators. The ion-electron interactions were modeled by
the optimized norm-conserving pseudopotentials [17] for
all constituent elements, and the O 2s22p*, Mo 4d°5s?, RE (
n=6 (Sm) , n=7 (Gd, Eu), n=10 (Dy), n=9 (Th)) [Xe] 4f"
6s° electrons were treated as the valence electrons,
respectively[1]. It is well known that standart GGA
approaches have a major deficiency for studying systems
containing transition metal or rare-earth metal ions with
partially filled d (or f) shells. Thus, the GGA+U[18]
method in which the Hubbard U is applied on RE (6.0 eV)
and Mo (3.0 ev on d-orbitals), was employed to perform
the electronic structure calculations on RE,(M00Q,);. Based
on the calculated electronic band structure, the optical
properties for RE,(M0Q,4); were determined, and the
dispersion of linear response of optical susceptibility was
predicted.

3. Results and discussion
3.1 Hlectronic properties

We have studied Gd;(M0O4); compound in the
monoclinic phase with space groups P2/c. The electronic
band structure of Gd,(MoOQ,4); - GMO along the high
symmetry directions have been calculated by using the
equilibrium lattice constants and is given in Fig .1.
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Fig. 1. The calculated electronic band structure
and Density of the State for Gdy(M0O,)s.

First principle calculations can identify the electronic
structure and chemical bonding through the investigations
of density of states (DOS) and band structure. The band
gap calculated here is 3.026 eV. The valence band (VB)
maximum and the conduction band (CB) minimum are
both locate at I point, so GMO is a direct insulator.

In the same Fig. DOS is shown. We can see that the
semicore orbitals of Mo are highly localized, which show
as a peak in the DOS (-35 eV). The lower VB located at
approx. -15 to — 20 eV are predominantly composed of O
2s states, slightly hybridized with Gd 5p states. The upper
VB are mainly composed of O 2p states, slightly
hybridized with Mo 5d states, yielding a band width of
about 5.0 eV.

The CB of GMO mainly consists of unoccupied
orbitals of cations. The lowest CB, with width of approx
3.0 ev, mainly consists of Mo 5d states, with hybridized
with O 2p states. For the tetrahedron crystal effect, the Mo
5d states are split into two parts ( “e” state that contains 3
dxz.y2 and 3 d,’ states, and “t,” state that contains 3 dyy, 3
dyz, 3 dy, states ), which shows two distinct parts below
and above 4 eV. The conduction bands above 8 eV mainly
exhibit the characteristics of Gd 6f-states. From DOS
results, we also can say that Mo — O bonds show more
covalent characteristic than Gd —O bonds. There are two
kinds of Gd —O bonds in a Gd,(Mo00Qy,)3 structure where
GdO; polyhedron is slightly distorted [10].

3.2. Optical Properties

At the level of a linear response, the polarization can
be calculated using the following relation [19]:

Pi@) = 1, (0,0 EV (@) ©)

Where )(i(jl) is the linear optical susceptibility tensor [20].

The dielectric function &;;(w) =1+ 4n)(i(]-1) (—w,w) and
the imaginary part of &;;(w) e (w) is given b

. i (D) (%
&) (w) = %anfdzﬁm(ﬁ)%?:m(k)é'(w -

— Wmn (E)) (2)

where n,m denote energy bands, f,,(k) = f, (k) -
£, (K) is the Fermi occupation factor. The real part of

g;;(w), & (W), can be obtained by using the Kramers-
Kroning transformation [20]. Because the Kohn-Sham
equations determine the ground state properties, the
unoccupied conduction bands as calculated, have no
physical significance.

The corresponding energy-loss functions, L(w), were
calculated using eq.(3) and are also presented in Fig. 5.
The L(w) describes the energy loss of fast electrons
traversing the material. The sharp maxima in the energy
loss function are associated with the existence of plasma
oscillations [19-20].

& (w)

L) = = + 2

(3)
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Fig. 2. Real and imaginary parts of linear dielectric
function along a-direction for Gd,(Mo0Oy);
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Fig. 3. Real and imaginary parts of linear dielectric
function along b-direction for Gd,(M0Q,)3
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Fig. 4. Real and imaginary parts of linear dielectric function
along c-direction for Gd,(MoOy)s.
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Fig. 5. Electron energy—loss spectrum for Gd,(MoO,)s

We first calculated the real and imaginary parts of
linear dielectric function of Gd,(MoQ4); — GMO along
main crystallographic directions (Fig. 2-4). In order to
calculate the optical response by using the calculated band
structure, we have chosen a photon energy range of 0-70
eV and have seen that a 0-50 eV photon energy is
sufficient for most optical functions. It is clear from these
figures that the spectra of g; of GMO have a structure
concentrated in two wide bands at E=3.0-14.0 eV (Table
1). The main structure element in all RE;(M0QO,); is the
MoO, tetrahedron. The presence of the MoQ, tetrahedra in
the lattice of GMO, the similarity of the &; of GMO to
those of the other tetraoxyanions of Mo demonstrate an
important role of the MoO, tetrahedra in the formation of
the energy spectrum of GMO and other RE;(M00Oy)3. This
means that the MoQ, tetrahedra determine the lower edge
of the conduction band and the upper edge of the valence
band, and the conduction band is split into two sub-bands
separated by 2.4 eV. Such splitting is typical of the
electron states of the d-transition metals subjected to a
crystal field.

Table 1. Energy positions (eV) of principal singularities of optical responses for oxygen-tetrahedral-ferroelectrics at photon energies

3.0-17.0 eV.
Iélla\l/lm(l)num peak values of & (eV), our calculations - T=15 K T=300 K, experimental data[5]
a-direction b- direction c- direction GMO GMO DMO TMO EMO SMO
3.16 - - - - -
3.62 3.68 3.45 335 370 3.40
4.07 - - - - -
4.30 - - - - -
4.86 414 4.32 5.20 454 4.40 437 460 4.60
5.65 - - - - -
6.00 5.29 5.52 530 552 -
6.67 5.41 7.38 6.45 - - - - -
- - 7.13 6.70 6.67 7.00
7.01 7.59 7.82 - 7.36 -
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rcrallz\l/lmcr)num peak values of g (eV), our calculations - T=15 K T=300 K, experimental data[5]
a-direction  b-direction  c- direction GMO GMO DMO TMO EMO SMO
7.56 1.74 9.63 741 - - - - -
- 8.54 8.30 8.20 8.30 8.40
19.44 19.99 28.88 19.68 1970 2036 - - 20.00
23.23 23.23 27.19 23.07 2375 - 2375 2307 2390
24.43 - - - - -
27.02 27.19 28.99 - 2647 2745 - 26.70  26.70
26.70 - - - - -
28.82 28.99 39.25 30.31 3190 2941 2828 2985 -
Table 2. The energy values at the zero point of real part of dielectric function for Gd,(MoO,)s.
W X Y Z T U
a-direction 7.92 12.608 27.189 27.731 28.99 30.62
b-direction 9.0 12.608 271.73 28.64 28.82 30.804
c- direction 8.1 13.33 27.19 27.73 28.82 30.804
An increase in the energy of the incident photons Acknowledgements

results in a rapid fall of the g; and there is no clear
structure in the spectra of g; at energies above 35.0 eV
(Table 1) The absence of singularities in the spectra of
of GMO, at photon energies above 35.0 ev shows that the
valence and conduction bands are separated by large gaps
from the other deep-level energy bands or that transitions
from semicore levels to the conduction band are forbidden
by the selection rules.

The GMO studied so far have g are equal to zero in
the energy region between 8.0 ev and 30 eV for decreasing
and increasing of g (Table 2). In addition, values of g
versus photon energy have main peaks in the energy
region 3.0-55.0 eV. Some of the principal features and
singularities of the &; for GMO is shown in Table 2. The
peaks of the &; correspond to the optical transitions from
the valence band to the conduction band are in agreement
with the previous results [10].

The corresponding energy loss functions, L(w), were
calculated using eq. (6) and also presented in Fig.2-4. The
L(w) describes the energy loss of fast electron traversing
the material. The sharp maxima in the L(w) are associated
with the existence of plasma oscillations [19]. The curve
of [(w) has a maximum near 30 eV for GMO.

4. Conclusion

In the present work, we conducted a detailed
investigation of the electronic, and frequency-dependent
linear optical properties of the Gd,(M0Q,); crystal using
the density functional methods. The result of the structural
optimization implemented using the GGA are in good
agreement with the experimental results. We have
examined photon-energy dependent dielectric functions,
some optical properties such as the energy-loss function
for Gdz(MOO4)3.
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