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The full potential linearized augmented plane wave (FP-LAPW) method within the frame work of the
density functional theory is used to study BaTbOs in three different phases; cubic (space group pm-
3m), tetragonal (I4/mcm) and orthorhombic (Ibmm). The calculated structural parameters and geometries
are found in agreement with the experimental results. The spin polarized electronic band structures and
densities of states for all the three phases demonstrate that BaTbOs is insulator. The insulating nature of
the material is consistent with the experiments and contradicts with the theoretical results of the metal-
lic behavior and narrow band gap semiconductor. Furthermore, the calculated magnetic moment of Th**
is in close agreement with the experiments. This comprehensive theoretical study provides a realistic
theoretical approach to understand BaTbOs in its different phases.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Perovskite oxides have attracted enormous attention in the
recent years because of their efficient use in solid fuel cells, gas
separation membranes, chemical reactors, high temperature super-
conductivity, ferroelectricity, piezoelectricity and so forth [1,2]. One
of the interesting members of the perovskite oxides family is BaT-
bOs, which exists in three different phases cubic, tetragonal and
orthorhombic phases.

BaTbOs3 is an insulating material and due to its compatibility
with YBa,Cu30;_4 it is an efficient material for high temperature
superconductivity [3,4]. Fu et al. [5] used high-resolution neutron
powder diffraction technique and reported that BaTbOs3 has differ-
ent phase transitions. Below 260 K BaTbOs3 exists in orthorhombic
structure possessing space group Ibmm, at 373-573 K it occurs in
tetragonal symmetry (space group I4/mcm), while it adopts cubic
phase (Pm-3m) at 623 K [5,6]. Jacobson et al. [4] reported the
rhombohedral structure of BaTbO3; with space group R-3c. Tezuka
et al. [7] observed the rhombohedral (R-3c) to orthorhombic
(Pnma) phase transition in BaTbO3; with the decrease of tempera-
ture, from room temperature to 10 K.

The neutron diffraction and magnetic susceptibility measure-
ments show that in BaTbOs perovskite, Tb** (f”) is octahedrally coor-
dinated [8]. BaTbO5; compound shows anti-ferromagnetic transition
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with valuable magnetic moment 7.99 p of terbium (Tb**) [9]. BaT-
bO3 becomes an anti-ferromagnetic material with simple G-type or-
der at 37 K. The Tb*" form factor is also determined by neutron
diffraction experiments on a polycrystalline sample at 4.2 K [8].

Several groups have performed experimental and theoretical
studies on the electronic structure and magnetic properties of
BaTbOs. Hojezyk et al. [3] experimentally studied BaTbOs and sug-
gest that it is an insulating material with great potentials for high
temperature superconductor devices. Poppe et al. [10] studied cu-
bic BaTbOs and reported that it is an insulating material and could
be an efficient dielectric material in field effect devices. Gao et al.
[11] used the density functional theory (DFT) with plane wave
pseudopotential (PWPP) method and predicted that BaTbOs is
metallic in nature. Chunlan et al. [12] used linear muffin-tin orbi-
tals within atomic-sphere approximation (LMTO-ASA) method
and reported that BaTbOs is a narrow bandgap semiconductor with
a band gap of 0.61 eV.

As the reported theoretical studies [11,12] do not agree with the
experimental results and therefore the problem needs to be revis-
ited theoretically with a more effective technique which can pro-
vide better results, consistent to the experimental ones. In the
present DFT studies, the problem is revisited with the full potential
linearized augmented plane waves (FP-LAPW) method having ex-
change correlation of Perdew-Burke-Ernzerhof generalized gradi-
ent approximation (PBE-GGA) with the extension of U (GGA + U).
The ground state structural parameters, geometries, electronic
band structures and total and partial densities of states (DOSs) of
BaTbOs3 perovskite are investigated in three different phases (cubic,
tetragonal and orthorhombic).
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2. Computational details

In the present work Kohn-Sham equations [13] are solved to
calculate the structural, electronic and magnetic properties of BaT-
bOs. The details of the spin-polarized FP-LAPW method, formulas
and the WIEN2k software used in the present calculations can be
found in Ref. [14].

In order to calculate the electronic and magnetic properties of
BaTbO3 by GGA + U, it is assumed that the density matrix is diago-
nal and U is the same for all Coulomb interactions (U = U) and J is
also the same for all exchange interactions (J; = J). There are sev-
eral methods to incorporate the U-term, [15,16] but here the
self-interaction correction (SIC) introduced by Anisimov and
coworkers [17] as implemented in the WIEN2k package is used.
In the GGA + US'® methods the total energy is

E=Ey+ ECGA+USIC (l)

In Eq. (1), Eo is defined to be Tsg + Ee; + Ey + Ej; + Exc, where T, Ee;,
Ey, E;; and Exc are the kinetic energy, Coulomb electron-nuclei inter-
action, Hartree energy, nuclei-nuclei Coulomb interaction, and ex-
change-correlation energy, respectively.

U—
EGGA+U5'C = 2] (N - Z”ﬁur) (2)
m,o

In Eq. (2), N is the total number of electrons and n,, ; is the occupa-
tion number of |l,m, o) state with spin ¢. An approximated

correction value of U-J for the SIC is probably the best for strongly
correlated systems and, as recommended in Ref. [14], for a full po-
tential method we use an “effective” U= U-J by setting J = 0.

After examining and testing several values of Hubbard potential
in order to adjust the Th-4f orbitals level in the density of states,
the final Hubbard potential used is Ues= U-J = 4.0 eV for U.

The core electrons are treated fully relativistically and the va-
lence electrons are treated semi-relativistically. In order to ensure
that no electron leakage is taking place semi-core states are in-
cluded so that accurate results can be achieved; 2300 k-points
are used and Ryt Kipax =8.00 determines the plane wave basis
functions.

3. Results and discussions
3.1. Structural properties

The unit cells for all the three phases of BaTbOs i.e. cubic, tetrag-
onal and orthorhombic are presented in Fig. 1. Each unit cell is
optimized like in our previous works [1,2,18,19]. The ground state
structural parameters are evaluated from the optimum volumes
(optimization plots are not given). The calculated lattice constants,
bulk moduli, pressure derivative of the bulk moduli and ground
state energies from the optimum volume are presented in Table
1. It can be deduced from the table that the calculated lattice con-
stants are underestimated from the experimental results by 0.46%,

(b)

(c)

Fig. 1. Crystal structure of BaTbOs (a) cubic space-group no.221 (pm-3m) (b) tetragonal space-group no.140 (I4/mcm) (c) orthorhombic, space-group no. 74 (Ibmm).
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Table 1

Calculated and experimental values of the lattice constants, ground state energies,
bulk moduli, derivative of bulk moduli, bonds lengths and bonds angles of the cubic,
tetragonal and orthorhombic BaTbOs in G-type antiferromagnetic, paramagnetic and
ferromagnetic magnetic phases.

BaTbO3 Present (DFT) Experimental Other
Cubic
Lattice constant (A) 4.28 4.30%P¢ 4.249 4.27¢°
Ground state energy (Ry)
Eo G-arv —40164.8041
Eo para —40154.6034
Eo v —40160.4265
Bulk moduli (GPa) 123.5648
B 5.000
Bond length (A)
Ba-0 3.026
Ba-Tb 3.706
Tb-0 2.14 2.15°
Tetragonal
a=b(A) 5.9355 6.0612
c(A) 8.417 8.5958
Ground state energy (Ry)
Eo c-arm —80329.7299
Eo para ~80218.5423
Eo rm —80223.9457
Bulk moduli (GPa) 150.6661
B 5.000
Bond length (A)
Ba-0(1) 3.022 3.0241°
Ba-0(2) 3.1767 3.21f
Ba-0(2) 2.8230 2.84f
Ba-Tb 3.7146
Tb-0(1) 2.1469 2.1464"
Tb-0(2) 2.1515 2.1548°
Bond angle (°)
Tb-0(1)-Tb 180.000
Tb-0(2)-Th 169.4874
Orthorhombic
a(A) 5.9370 6.0714"
b (A) 5.9103 6.0440°
c(A) 8.3368 8.5256f
Ground state energy (Ry)
Eo c-arm —80306.9435
Eo para —80297.6034
Eo rm —80302.8623
Bulk moduli (GPa) 207.8058
B 5.000
Bond length (A)
Ba-0(1) 3.0390
Ba-0(2) 3.1689
Ba-Tb 3.7054
Tb-0(1) (A 2.1536
Tb-0(2) 2.1534
Bond angle (°)
Tb-0(1)- Tb 165.4546
Tb-0(2)-Tb 169.1614
2 Ref. [3].
b Ref. [10].
¢ Ref. [4].
d Ref. [11].
¢ Ref. [12].
f Ref. [6].
& Ref. [5].

2.07% and 2.21% for the cubic, tetragonal and orthorhombic phases,
respectively. The small differences between the experimental and
theoretical lattice constants reveal the reliability of our theoretical
work.

Bonds length and bonds angle play important role in the
symmetry of a crystal. Keeping in view the importance of these
parameters, bonds length between different atoms in the cubic,
tetragonal and orthorhombic phases are calculated and presented
in Table 1. The bond length for Tb-0 in the cubic phase is 3.026 A,
for tetragonal Th-0(1) is 2.1469 A and Tb-0(2) is 2.1515 A and for

orthorhombic Tb-0(1) is 2.1536 A and Tb-0(2) is 2.1534 A. In
tetragonal and orthorhombic phases the two different bond lengths
between Tb and O is because of the two different positions of O in
the crystals. The calculated bonds lengths between other atoms
are also presented in the table. It is clear from the table that our cal-
culated bonds lengths are in close agreement with the available
experimental results. The calculated bond angle between Tb-
0O(1)-Tb is 180° and Tb-0O(2)-Tb is 169.4878 for tetrahedral struc-
ture, while the bond angle between Tb-0(1)-Tb is 165.4546° and
Tb-0(2)-Tb is 169.1614¢° for the orthorhombic structure.

3.2. Electronic properties

The electronic properties of BaTbOs in the cubic, tetragonal
structures are revealed by investigating the calculated spin-polar-
ized electronic band structures, plotted in Fig. 2. The overall band
profiles for all the three phases are almost similar to each other.
The spin up state for the cubic phase is presented in Fig. 2a. It is
clear from the figure that a wide band gap (5.02 eV) exists at I’
symmetry point and hence the material is insulator. While a simi-
lar trend is also observed for the spin up state of the tetragonal
phase of the compound. A careful analysis of Fig. 2a and c reveals
difference in the atomic orbitals and in the energy band gaps. This
is due to the difference in the crystal structures and number of
atoms per unit cell. The band structure for the spin down states
of the cubic phase is shown in Fig. 2b. By comparing Fig. 2a with
Fig. 2b, one notices that the band structure for spin down states,
as shown in Fig. 2b, can be nearly obtained from the band structure
of the spin up states. This can be performed by moving upward the
valance bands for spin up electrons, as shown in Fig. 2a, towards
higher energies while keeping the conduction bands unchanged.
In this way, one can imagine that the Tb f-states are shifted from
the topmost valance bands in the vicinity of Fermi level, as shown
in Fig. 2a, to the conduction bands which are now far from the Fer-
mi level, as shown in Fig. 2b. Therefore, even then a large band gap,
i.e., 4.4 eV, exists in the down band structure at the same symme-
try point. Hence, the compound remains insulator for the spin
down channel too. A similar trend is observed for the spin down
states of the compound for the tetragonal phase shown in
Fig. 2d. The band profile and gap of the orthorhombic BaTbO5 are
similar to the tetragonal phase and hence are not presented here.

The spin polarized total and partial density of states DOSs for
BaTbOs in the cubic, tetragonal and orthorhombic phases are cal-
culated to explain the origin of the electronic bands and reveal
the contribution of different orbitals in the band structures. The
calculated DOSs are plotted in Figs. 3 and 4. Fig. 3 displays total
and partial DOS for the cubic phase of the compound. In case of
spin up state, the bottom of the valance band is occupied by the
Tb-5p states in the range —22 to —18.4 eV. At —9 eV the contribu-
tion of Ba-5p state takes place. O-2p state occurs in the range —6.3
to —3.6 eV, while Tb-4f state is localized before the Fermi level for
all the three phases. In conduction band the main contributions are
due to the unoccupied states of Ba-5d and 4f. In conduction band
minimum (CBM) peak is due to the unoccupied 4f states of Ba. A
wide gap exists between the valance band maximum (VBM) and
the CBM which makes the compound wide band gap insulator
(5.02 eV). In case of spin down state the Tb-5p state shift forward
in the valance band, ranges from —20 to —14 eV, 2p state of O shifts
near the Fermi level forming valance band, while the 4f state of Tb
jumps in the conduction band and is localized at 4 eV. Again a large
gap exists between the valance and conduction band (4.4 eV). Sim-
ilarly Fig. 4 explains the band structure of the tetragonal phase.
Similar results are also observed for orthorhombic phase (figure
not given). For all the three phases, spin polarization has been
observed but even then wide band gap exists around the Fermi
level. Hence our spin polarized theoretical calculations show that
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Table 2
Calculated effective magnetic moment of Tb in unit of () per unit cell for the cubic,
tetragonal and orthorhombic BaTbOs.

BaTbO5

Cubic
m™ 6.2764 6.50° 5.83"

Present (DFT) Experimental Other

Tetragonal
M™ 6.4033

Orthorhombic
M™ 6.3972 6.5°

2 Ref. [7].
b Ref. [12].
< Ref. [4].

BaTbOs is insulator which agrees with the reported experimental
work [3] and contradicts with the other theoretical studies, narrow
band gap semiconductor [12] and metal [11].

3.3. Magnetic properties

The magnetic properties of BaTbOs are investigated in three dif-
ferent phases, cubic, tetragonal and orthorhombic. The stable mag-
netic state of each phase is evaluated by calculating the total
ground state energy verses volume per unit cell for the paramag-
netic, ferromagnetic and G-type anti-ferromagnetic states. The cal-
culated ground state energy per unit cell for all the three phases
are presented in Table 1. It is clear from the table that the stable
magnetic state of the compound is G-type anti-ferromagnetic for
which the ground state energy of BaTbOs is lower as compared
to the paramagnetic and ferromagnetic states. In this regard our
theoretical calculations are in agreement with the available exper-
imental and theoretical results [4,7,8,12].

In perovskites, anti-ferromagnetic temperature orders for rare-
earth compounds are low as compared to the compounds possess-
ing transition elements [20]. Hutchings et al. [21] studied the
exchange coupling for f” ions and concluded that the superexchange
process is complicated 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 [22]. In BaTbO5 the 4f orbitals of Tb** are closer in en-
ergy to Tb-5s, Tb-5p and O-2p electrons. The G-type anti-ferromag-
netic order in BaTbO; shows that the approximately linear Th**-
02-Tb*" exchange is dominant as compared to 90° exchange,
which is not possible in the perovskite structures [8]. In BaTbO;
and even in ThO, the metal-oxygen-metal (Tb**-0~2-Tb**) link is
tetrahedral magnetic order. The high ordering temperature of BaT-
b0Os3 is therefore consistent with both increased covalency, spin
polarization and with the favorable 180° superexchange.

The magnetic behavior of BaTbO3 is examined especially the
magnetic moment of Tb for all the three different phases. The
calculated magnetic moments are presented in Table 2. It is obvi-
ous from the table that our calculated magnetic moment of Tb
for the cubic phase is 6.27 pg, which is 3.3% different from the
experimentally measured value (6.50 pig) [7]. The comparison with

the other theoretical calculated result (5.83 pg) reported in Ref.
[12] shows that our result is 7.1% closer to the experiments. The
calculated magnetic moment of Tb for tetragonal phase is 6.4 g
and for orthorhombic phase is 6.39 . It is also obvious from the
table that the effective magnetic moment of Tb for the orthorhom-
bic phase is also consistent with the experimentally reported work
[4].

4. Conclusions

In summary, we have theoretically revisited the electronic
properties of the BaTbOs in three different phases using the full
potential linearized augmented plane waves (FP-LAPW) method.
The calculated spin-polarized electronic band structures of the
compound in all the three phases show that the material is insula-
tor. The insulating nature of the material agrees with the experi-
ments while contradicts with the earlier theoretical findings
where in one studies it is reported metallic and in another study
it is predicted narrow bandgap semiconductor.

The structural parameters and geometries are found consistent
with the experimental results. The calculated total and partial den-
sities of states show the contribution of different electronic levels
in the band structure. Furthermore, the magnetic nature and prop-
erties of the compound are also evaluated and the calculated mag-
netic moment of Tb*" is found in close agreement with the
experimental results.
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