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The all electrons full potential linearized augmented plane waves (FP-LAPW) method with GGA+U is
used to study SrTbO5; perovskite in cubic and orthorhombic phases. The structural parameters and
ground state magnetic properties are found consistent with the experimental results. The electronic band
structures and density of states demonstrate that SrTbOs is a wide band gap semiconductor in both
phases. The magnetic studies of the material show that the nature of the compound is G-type anti-
ferromagnetic. The calculated magnetic moment of Tb** is found consistent with the experiments.
Furthermore, the optical properties demonstrate that the optical gap of the material is 1.8 eV, which lies
in the visible region of the electromagnetic spectrum and hence the compound can be used in

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Perovskite oxides are the most commonly occurring important
materials. These oxides have always been the focus of studies
because of their simple synthesis and diverse physical properties.
Some of these oxides are integral part of many established high-
tech devices [1-3]. These materials are commonly used in chemi-
cal reactors, solid state fuel cells, gas separation membranes, high
temperature superconductors (HTSC), optoelectronic devices and
magnetoelectronic technologies [4,5]. One of the important mem-
bers of this family of oxides is SrTbOs.

The synthesis of SrTbOs3 is reported by the standard solid state
reaction of two materials SrCO3; and Tb40 [6]. The experimental
studies of Hojezyk et al. [7] reveal cubic structure of the com-
pound. They are of the opinion that this compound could be a
potential candidate for high temperature superconductor devices.
This compound exists in cubic [7] and orthorhombic [6,8] struc-
tures with space group Pm-3 m (no. 221) and Pnma (no. 62)
respectively. The experimentally measured as well as calculated
lattice constant of the cubic SrTbO; is 4.18 A [7,9-11].
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SrTbO3; shows anti-ferromagnetic transition at 30.5 K, and
above 60 K the susceptibility chases the Curie-Weiss law. The
compound possesses G-type anti-ferromagnetic behavior with
effective magnetic moment of 7.96ug [7]. Tezuka et al. [8] reported
in their experimental studies that the magnetic moment of Tb** is
6.76pg in orthorhombic phase with G-type anti-ferromagnetic
nature.

The aim of this theoretical work is to study and compare the
ground state structural parameters and geometry, electronic
behavior, stable magnetic phase and optical properties of the
cubic and orthorhombic SrTbOs. All the calculations are performed
with the full potential linearized augmented plane waves (FP-
LAPW) method with the exchange correlation of Perdew-Burke—
Ernzerhof generalized gradient approximation with the inclusion
of the Coulomb interaction U (PBE-GGA+U).

2. Computational details

The Kohn-Sham equations [12] are solved to calculate the
ground state physical properties like structural parameters, elec-
tronic, magnetic and optical behavior of SrTbO5 perovskite in cubic
and orthorhombic phases. The particulars of the spin-polarized
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FP-LAPW technique, formulas and the WIEN2k software used in
the present work can be found in Ref. [13].

In order to calculate the electronic behavior as well as magnetic
and optical properties of the SrTbO5; by GGA+U, it is assumed that
the density matrix is diagonal and U is the same for all Coulomb
interactions (Uy=U) and J is also the same for all exchange
interactions (J;=/). There are several ways to incorporate the
U-term [14,15] but here the self-interaction correction (SIC)
introduced by Anisimov and his coworkers [16] as implemented
in the WIEN2k package is used. In the GGA+US'® method the total
energy is

E=E, +EGGA+USIC (1)

In Eq. (1), Ey is defined to be Tsg + E.; + Ey + Eji + Exc, where
Tso, Eei, En, Eii and Exc are the kinetic energy, Coulomb electron-
nuclei interaction, Hartree energy, nuclei-nuclei Coulomb interac-
tion and exchange-correlation energy respectively. Where,

Ui
EGGA+US]C = 721(N—an2nﬂ) 2)
m,o

In Eq. (2), N is for the total number of electrons and n,,, is the
occupation number of |I, m, ) state with spin ¢. An approximated
correction value of U-] for the SIC is probably the best for strongly
correlated systems and, as recommended in Ref. [13], for a full
potential method we use an “effective” Uy=U-] by setting J=0.

After examining and testing several values of Hubbard potential
in order to adjust the Tb-4f orbitals level in the density of states for
SrTbOs, different values of Uy (0, 2, 4, 6 eV) are used in order to
treat the 4f state of Tb correctly and the final Hubbard potential
used is Up=U-J=4.0 eV for U.

The core electrons are treated fully relativistically and the
valence electrons are treated semi-relativistically. In order to
ensure that no electron leakage is taking place semi-core states
are included so that accurate results can be achieved; 2300
k-points are used and Kj,qx/Ryr=8.00 determines the plane wave
basis functions.

3. Results and discussion
3.1. Ground state structural properties

SrTbO3 have been studied in cubic and orthorhombic phases in
order to explore the ground state structural properties and
magnetic interaction, the energy and volume are optimized and
the values are fitted in Birch-Murnaghan equation of state [17].
The ground state magnetic interaction is evaluated by calculating
the difference of the total energy of the compound per unit cell.
Fig. 1 shows the optimization curves for both phases of the
compound. From the ground state volumes the equilibrium
structural parameters such as the lattice constants, bulk moduli
and ground state energies are obtained. The calculated structural
parameters per unit cell for both phases are presented in Table 1.
DFT usually underestimates physical quantities. In the present
work the calculated lattice constant for the cubic SrTbOs is 0.95%
less than the experimentally measured value [7] and 0.48% less
than the analytical reported works [10,11]. Similarly, for orthor-
hombic phase the lattice constant is 0.52% less than the experi-
mental work [8]. The calculated ground state energies show that
orthorhombic phase is more stable than the cubic phase. Further-
more, we calculate the bond lengths between different atoms in
both phases and are also presented in Table 1. In cubic phase the
bond length Sr O is larger than Th-0 and correspond to +/3/2ag
and 1/2aq respectively. The bond length for Tb-O(1) is 2.1382 A
and for Tb-0(2) is 2.139 A in orthorhombic phase. The bond angles
between different atoms in orthorhombic phase Tb-0O(1)-Tb and
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Fig. 1. Optimization curves of SrTbOs in cubic and orthorhombic phase.

Table 1

Experimental and calculated values of the lattice constants, ground state energies,
bulk moduli (B), bond lengths, energy band gaps and magnetic moments of Tb per
unit cell of SrTbO3 in cubic and orthorhombic phases.

SrTbO3 Present work Experimental Analytical
Cubic

a, (A) 416 418° 418> ¢
Erv (Ry) -30236.9445

Earm (Ry) -30236.4895

Ec_amm (Ry) -30236.9738

B (GPa) 132.7336

Bond lengths

Sr-0 (A) 2.9698

St=Tb (A) 3.6373

Tb-0 (A) 2.10

Band gap

Spin up (1) I-I" (eV) 4.4

Spin down () I-I" (eV) 13
Magnetic properties

Tb** () 6.50
Orthorhombic
a (A) 5.931 5.962¢
b (A) 8.308 8.351¢
c(A) 5.844 58744
B (GPa) 113.476
Epm (Ry) -120998.5341
Earm (Ry) -120998.3398
Ec-arm (Ry) -120998.5786
Bond lengths
Tb-0(1) (A) 21382
Tb-0(2) (A) 21390
Bond angles
Tb-O(1)-Tb (°) 150.26
Tb-0(2)-Tb (°) 151.27
Band gap
Spin up (1) I-I" (eV) 5.0
Spin down ({) I-I" (eV) 13
Magnetic properties
Tb** (ug) 6.60 6.759
7]
b [10].
<[1].
418].
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Fig. 2. Spin-polarized electronic band structures of cubic SrTbO; by GGA+U (U=0, 2, 4, 6 eV).

Tb-O(2)-Tb are 150.26° and 151.27° respectively. These bond
lengths and bond angles play important role in the stability of a
crystal structure.

3.2. Electronic band structure and density of states

Self consistent field calculations are performed in order to
study the electronic properties of SrTbO3 in cubic and orthorhom-
bic phases. The spin polarized electronic band structures of the
compound are calculated using GGA with the inclusion of different
Coulombic interaction U (U=0, 2, 4 and 6 eV), presented in Fig. 2.
It is obvious from the figure that for U=0, in case of spin up state, a
wide gap exists (4.1 eV) between the valance and conduction
bands at I" symmetry point, while for the spin down state the
gap is stretched and f-state of Tb jumps into conduction band,
hence polarization occurs at the Fermi level, but again a gap of
3.1 eV exists at the R symmetry point. It can be seen from the
figures that for spin up states the energy gap increases by the
application of the Coulomb interaction U up to U=4 eV where the
4f state of Tb is localized, while band gap decreases when U is
increased beyond this value as shown for U=6 eV. For U=2 eV in
case of spin up state the maxima of the valance band moves
backward which increases the gap (4.3 eV) at the same symmetry
point. A similar trend is also observed for U=4 eV with a gap of
4.4 eV, whereas for U=6 eV the energy gap is decreased to 4.0 eV.
In case of spin down state the gap stretches for U=2 eV (1.34 eV)
while no change is observed in details for U=4 and 6 eV. Similar
band structures are observed for the orthorhombic phase at
U=4 eV (figures are not given). In case of spin up state a wide
gap of 5 eV exists between the valance and conduction band, while
stretches to 1.3 eV for spin down state.
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Fig. 3. Total density of states of cubic SrTbO3; by GGA+U (U=0, 2, 4 and 6 eV).

To explain the origin of the electronic band structures, we
calculate the total densities of states (DOS) for different values of
U, in which energy is scaled with respect to the Fermi level. The
calculated densities of states for different values of U for cubic
phase are presented in Fig. 3. It is obvious from the figure that in
case of simple GGA (U=0) the f-state of Tb lies near the Fermi level
at -0.67 eV in the valance band. When calculations are performed
with the insertion of the Coulomb interaction for U=2 eV the
f-state of Tb moves toward the core in the valance band and is
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Fig. 5. Spin-polarized total partial density of states of orthorhombic SrTbO; GGA+U
(U=4eV).

localized at —5.6 eV. For U=4 eV the f-state is further moved and
localized at —-7.25 eV with a gap of 4.4 eV. On further increasing
the U value to 6 eV, the f-state moves downward in the valance
band and is localized at —8.6 eV but in this case the energy band
gap is decreased (4 eV). Hence the optimized value for U is 4 eV.
The calculated spin polarized total and partial DOSs for U=4 eV
are presented in Fig. 4. It is obvious from the figure that the
bottom of the valance band is occupied by the Tb-5p states in the
range -22.9 to -21.9 eV. From -17 to 14.5 eV the contribution of
Sr-4p states takes place. Tbh-4f state is localized at -7.2 eV in the
valance band, while O-2p states density occurs in the range
of -4.4 eV to Fermi level. In conduction band the main contribu-
tion of Tb-5d and Sr-3d states occur from 4.4 to 14 eV, whereas
mixed contribution is due to the unoccupied d states of Sr and Tb
(shown in Fig. 4). A wide band gap exists between the valance and
conduction band, which makes the material wide band gap
semiconductor. For spin down state, the density of Tb-5p state
shifts forward in the range —20 to -21.5 eV, while the 2p state of O
lie at the same position near the Fermi level. Whereas the 4f-state
of Tb jumps into conduction band and is localized at 1.7 eV. A gap
still exists between the valance and conduction band for the spin
down state of the same compound. Fig. 5 shows the total and
partial densities of states of the orthorhombic phase of the
compound. Similar results are also observed for orthorhombic

phase with a small difference in details. This difference is due to
the change in the number of atoms per unit cell. Hence, the spin
polarized study reveals that the compound is a wide band
gap semiconductor for spin up state and narrow gap for spin
down state.

3.3. Magnetic properties

The stable magnetic state of the compound is optimized by
calculating the ground state energy per unit cell of the compound
in both phases as reported in our previous work [18]. The
magnetic ground state properties of the material, favoured
G-type anti-ferromagnetic phase in which the compound lowers
its ground state energy as compared to the other magnetic states,
shown in Table 1. This shows that our theoretical results are
consistent with the available experimental results of SrTbOs [6,8].

Anti-ferromagnetic rare-earth perovskites generally have low
temperatures order as compared to those compounds possessing
transition metals (TM) elements [19]. Hutchings et al. [20] inves-
tigated the exchange coupling in rare-earth actinides for f” ions
and concluded that the superexchange process is complicated in
these rare-earth materials due to the spin-polarization of the 5s
and 5p orbitals. As a result, a large number of contributions to the
exchange energy have to be included, showing covalency terms
involving in 5p electrons of rare-earth elements [21].

The magnetic properties of the compound are examined
especially the magnetic moments of Tb*# jon per unit cell. Our
calculated magnetic moment of Tb for cubic phase at U=0¢eV is
6.29up, Which increases by increasing the U up to a certain value
and then decreases. For U=2 eV the magnetic moment of Th** is
6.44pg and for U=4 eV it increases up to 6.5pp and then decreases
with the increase in U. Similarly for orthorhombic phase the
magnetic moment of Tb** is 6.6pg at U=4 eV. The experimentally
reported value of the magnetic moment of Tb** is 6.76pg for
orthorhombic SrTbOs [8]. This shows that our calculated value of
the magnetic moment is very close to the experimentally reported
results.

3.4. Optical spectra

As SrTbOs has a semiconducting wide band gap nature, so it is
predicted that it will be an efficient compound for optoelectronic
devices. The frequency dependent optical parameters like dielec-
tric functions, refractive index, reflectivity and energy loss function
are calculated in both the phases using GGA+U at U=4eV.
Dielectric functions are used as an investigative tool for the
calculation of various optical properties of a material. In Fig. 6,
the real part of dielectric function &;(w) is plotted for both cubic
and orthorhombic crystal structures. From the figure it can be seen
that orthorhombic phase has a negligible anisotropy. The impor-
tant parameter in the real part of dielectric function is £1(c0) and
its value is 5.12. It has two peaks and these peaks correspond to
different optical transitions. The first peak is observed at 3.21 eV
and the second at 6.23 eV in the cubic phase while in orthorhom-
bic structure they appear at 160 eV and 6.22 eV. For energies larger
than 24 eV the real part of dielectric function becomes negative
which means that the compound shows metallic behavior. The
imaginary part of dielectric function ex(w) is shown in Fig. 6. The
offset points in all optical axes are observed at 1.80 eV which
corresponds to the optical gap of the compound. A wide range of
absorption region is observed with two main peaks. The first peak
is obtained at 3.41 eV for all the axes while the second one at
7.04 eV for cubic and 8.0 eV for orthorhombic. As the material has
wide and direct band gap nature, it could be efficient candidate for
visible optoelectronic applications.
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refractive index, reflectivity and energy loss function of cubic and orthorhombic
SrTbO3 at (U=4eV).

The calculated refractive index n(w) for SrTbOs in the energy
range 0-40eV is plotted in Fig. 6. From the figure the zero
frequency refractive index is 2.28 and it gradually increases up
to the first peak in the form of a hump. The maximum refractive
index is found in the direct transition from the valence band to
conduction band. After this peak value the refractive index
decreases with respect to higher energies, this is due to the fact
that higher energy photons are absorbed by the material and the
material becomes gradually opaque.

The normal incident reflectivity R(w) is calculated for SrTbO3
and plotted in Fig. 6. The minimum reflectivity occurs in the
energy range 0-5 eV is due to the collective plasma resonance and
the zero frequency limit of reflectivity for SrTbO5 is 0.32%. There
are high reflection peaks at energies 7.2 eV and 25 eV correspond-
ing to the negative values of & ().

Electron energy loss spectroscopy (EELS) L(w) is a precious tool
for the investigations of the different aspects of a material [22]. It
provides information about elastically scattered and non-scattered
electrons and the number and type of atoms being struck by the
beam [23]. Electron energy loss function for SrTbOs is plotted in
Fig. 6. It is obvious from the figure that for a photon with energy
less than the band gap of a material no energy loss occurs,
which means no scattering happens. In the intermediate energy
range inelastic scattering is observed and the loss is maximum,
where peak is found at 31.5eV. This peak in the energy loss
spectrum corresponds to plasma resonance and the corresponding

frequency is called plasma frequency, above which the material
exhibits metallic behavior whereas below that the material has a
dielectric property.

4. Conclusions

In summary the perovskite SrTbO3 has been studied theoreti-
cally in cubic as well as in orthorhombic phase. The calculations
are performed by the all electron full potential linearized aug-
mented plane waves (FP-LAPW) method and employing the PBE-
GGA+U with different values of U. The structural parameters are
found consistent with the experimental reported work. Electronic
band structures and densities of states demonstrate that SrTbOs is
a wide band gap semiconductor. The magnetic studies of the
material show that the nature of the compound is G-type anti-
ferromagnetic. The magnetic moment of Tb** is found in closed
agreement with the experiment. Optical properties show that the
material is active in visible region. On the basis of these physical
properties, it is also concluded that SrTbOs is a novel optical
material operating in visible spectral region of the electromagnetic
spectrum.
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