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a b s t r a c t

We have investigated the electronic band structure, Fermi surface topology, chemical bonding and
optical properties of LaBaCo2O5.5 compound. The first-principle calculations based on density functional
theory (DFT) by means of the full-potential linearized augmented plane-wave method were employed.
The atomic positions of LaBaCo2O5.5 compound were optimized by minimizing the forces acting on
atoms. We employed the local density approximation (LDA), generalized gradient approximation (GGA)
and Engel–Vosko GGA (EVGGA) to treat the exchange correlation potential by solving Kohn–Sham
equations. Electronic structure and bonding properties are studied throughout the calculation of
densities of states, Fermi surfaces and charge densities. Furthermore, the optical properties are
investigated via the calculation of the dielectric tensor component in order to characterize the linear
optical properties. Optical spectra are analyzed by means of the electronic structure, which provides
theoretical understanding of the conduction mechanism of the investigated compound.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

During the last decade, oxygen scarce ordered double perovs-
kite cobaltates with general formula LnBaCo2O5.5 (Ln¼ lanthanides
or Y elements) have drawn key interest due to their own fascinat-
ing physical features [1–18]. These 112 cobalt perovskites display
numerous magnetic transitions and paramagnetic (PM)/ferromag-
netic (FM)/antiferromagnetic (AFM) properties in a spacious tem-
perature range. In addition a semimetal/insulator transition is
previewed in room temperature. A significant issue concerns
possible existence of different spin configuration in cobalt which
would describe both the magnetic and the semimetal–insulator
transitions that are observed in these materials.

In addition to analysis of many authors [1–18] who recommend
this important role of spin state transitions in such properties, there
are other several reports which do not agree with the occurrence of
spin state transition in these systems across TIM [19–23].

Numerous neutron diffraction analyses have been conducted to set
up the spin state of cobalt and magnetic structure in LnBaCo2O5.5

compounds with Ln¼Pr, Nd, Tb, Ho, and Y [6,18,24–30]. The models
premeditated for the magnetic structure of these compounds are all
different, and there is conflict between two different studies on the
same compound [6,18]. There are three potential reasons for these
contradictions.

(i) Small deviations from ideal “O5.5” stoichiometry, (ii) variation in
the degree of ordering in oxygen vacancies due to different method of
synthesis, and (iii) the influence of the size of Ln3þ cation. Rautama
et al. [31] tried to synthesize the lanthanum-based LaBaCo2O5.5 phase,
which was not known till now, and has the advantage of containing
the nonmagnetic La3þ cation. Co ions in the heavy metal oxides show
high sensitivity to the environment [32].

The rest of the paper has been divided into three parts. In Section 2,
we briefly describe the computational method used in this study. Most
relevant results obtained for the electronic and optical properties of
LaBaCo2O5.5 are presented and discussed in Section 3. Finally, we
summarize the main conclusions in Section 4.

2. Computational details

LaBaCo2O5.5 compound crystallizes in orthorhombic structure
with the space group pmmm (No. 47). The unit cell and molecular
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cell structure of LaBaCo2O5.5 is illustrated in Fig. 1. Our calculations
were carried out by means of the full-potential linearized aug-
mented plane-wave method (FPLAPW) as implemented in the
WIEN2k [33]. Local density approximation (LDA) [34], generalized
gradient approximation (GGA) [35] and Engel–Vosko GGA
(EVGGA) [36] exchange–correlation potential were used. The
plane-wave cutoff, defined by the product of the smallest atomic
sphere radius times the magnitude of the largest reciprocal-lattice
vector (RMTmin,Kmax), was set to 7.0. Atomic positions of LaBa-
Co2O5.5 compound were optimized by minimizing the forces
acting on the atoms (see Table 1). Self-consistent calculations
were considered to be converged when the difference in the total
energy of the crystal did not exceed 0.01 mRy and the atomic
forces did not exceed 1 mRy/a.u. Hybridization effects were
analyzed using densities of states (DOSs), which were obtained
by the modified tetrahedron method, and some peculiarities of
inter-atomic bonding picture were visualized by means of charge
density maps Table 1.

For the calculation of the optical properties, which usually
requires a dense mesh of uniformly distributed k-points, the
Brillouin zone integration was performed using the tetrahedron

method with 500 k-points in the irreducible part of the Brillouin
zone. The dielectric function ðεðωÞÞ is known to describe the optical
response of the medium at all photon energies.

In metals, there are two contributions to dielectric function
arising from the interband and intraband transitions. Interband
transitions can be further split into direct and indirect transitions.
However, both intraband and indirect interband transitions
involve phonon in order to account for the momentum transfer.
The intraband and indirect interband transition on the average add
a rather smooth background to the spectra [14]. They have,
therefore, been neglected in this study. The calculated direct
interband contribution to the imaginary part of the dielectric
function, εðωÞ, is calculated by summing transitions from occupied
to unoccupied states (with fixed wave vector) over the Brillouin
zone, weighted with the appropriate matrix elements giving
the probability for the transition. Specifically, in this study, the
imaginary part of the dielectric function εðωÞ is given by the
following expression [37]:

ε2ðωÞ ¼
4π2e2

m2ω2

� �
∑
i;j

Z
〈ijMjj〉2f ið1� f jÞδðEf �Ei�ωÞd3k ð1Þ

where M is the dipole matrix, i and j are the initial and final states,
respectively, f i is the Fermi distribution function for the ith state,
and Ei is the energy of electron in the ith state. The real part ðεðωÞÞ
of the dielectric function can be evaluated from the imaginary part
by using the Kramers–Kronig relation [38]

Re½εðωÞ� ¼ ε1ðωÞ ¼ 1þ2
π
Ρ

Z 1

0

ω0Imεðω0Þ
ω02�ω2 dω0 ð2Þ

where P implies the principal value of the integral. The knowledge
of both the real and imaginary parts of the dielectric tensor allows
the calculation of other important optical functions. To this end,
we also present and discuss the theoretically calculated optical
conductivity ðsðωÞÞ and reflectivity ðRðωÞÞ spectra of LaBaCo2O5.5.
The real part of the optical conductivity ReðsðωÞÞ is generally given
by the equation given below. It is seen that the real part of the
optical conductivity is essentially the imaginary part of the
dielectric function scaled with the transition energy.

Re½sðωÞ� ¼ ω

4π
ImεðωÞ ð3Þ

The reflectivity spectrum is derived from the Fresnel's formula for
normal incidence assuming an orientation of the crystal surface
parallel to the optical axis using the relation

RðωÞ ¼
ffiffiffiffiffiffiffiffiffi
εðωÞ

p
�1ffiffiffiffiffiffiffiffiffi

εðωÞ
p

þ1

" #2

ð4Þ

3. Results and discussion

3.1. Electronic structure

The electronic band structure, Fermi surfaces, as well as total
and site-projected l-decomposed densities of states (DOS) for the
herein studied LaBaCo2O5.5 compound have been calculated at the
equilibrium geometries. The calculated energy band structure
along the high symmetry directions in the Brillouin zone and
total densities of states (TDOS) are shown in Figs. 2 and 3. The
valence and conduction bands overlap considerably around Fermi
level. This suggests that LaBaCo2O5.5 compound would exhibit
metallic conductivity. TDOS has a large finite value at the Fermi
level, N(EF ), which is equal to 28.76, 24.15 and 22.76 states/eV unit
cell for LDA, GGA and EVGGA, respectively. Once again, this finding
confirms the metallicity of this material. The obtained data also
allow us to estimate Summerfield constants for LaBaCo2O5.5 under

Fig. 1. Unit cell and molecular cell structure.

Table 1
Atomic positions of LaBaCo2O5.5 compound.

Atoms X Exp. X Opt. Y Exp. Y Opt. Z Exp. Z Opt.

La 0.5000 0.5000 0.6722 0.2491 0.0000 0.0000
Ba 0.5000 0.5000 0.2465 0.2508 0.5000 0.5000
Co1 0.0000 0.0000 0.0000 0.0000 0.244(1) 0.2553
Co2 0.0000 0.0000 0.5000 0.5000 0.259(1) 0.2548
O1 0.0000 0.0000 0.2358(6) 0.2498 0.2188(5) 0.2259
O2 0.5000 0.5000 0.0000 0.0000 0.2040(9) 0.2266
O3 0.5000 0.5000 0.5000 0.5000 0.2433(9) 0.2250
O4 0.0000 0.0000 0.0000 0.0000 0.5000 0.5000
O5 0.0000 0.0000 0.5000 0.5000 0.5000 0.5000
O6 0.0000 0.0000 0.5000 0.5000 0.0000 0.0000
O7 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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the assumption of the free electron model as

γ ¼ 1
3
π2ΝðΕF ÞK2

β ð5Þ

The calculated γ values are 4.98, 4.18 and 3.94 mJ/mol K2 for
LDA, GGA and EVGGA, respectively. In Figs. 2 and 3 total and
partial density states (TDOS and PDOS) projected on each atomic
species are represented. The total DOS shows a lot of structures
that can be better understood by looking at the PDOS. From the
PDOS we are able to identify the angular momentum character of
the various structures. In the energy range from �6.0 eV to 3.0 eV
the O p and Co d states represent the main contribution to the
DOS, together with a contribution from La/Ba s and Co s/p states.

For states ranging from �18.0 eV to �16.0 eV, all species are
contributing to the DOS, whereas only La/Ba p states are respon-
sible for the structure between �14.0 and �13 eV. At high energy
(7.0–12.0 eV), the DOS is exclusively made from electronic states of
the Ba/Co s and La/Ba d states with small contributions of Ba/La s
states.

Fig. 2 shows the near-Fermi band structure of LaBaCo2O5.5

along the selected high-symmetry lines within the first Brillouin
zone of the tetragonal crystal. It is seen that the Fermi level is
crossed by Co 3d bands, which indicates that the electrical
conductivity of this phase should be metallic. It is well established
that electronic states crossing the Fermi level are primarily
responsible for the Fermi surface (FS) structure and are always

Fig. 2. Calculated band structure. (a) LDA, (b) GGA and (c) EVGGA and the color bands in the EVGGA shows that five bands cross the Fermi surface. (For interpretation of the
references to color in this figure, the reader is referred to the web version of this article.)
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considered as key quantities to understand the electronic structure
of any metallic material [39–43]. For a better description of the
states crossing the Fermi level, we have shown the Fermi surface
(FS) of LaBaCo2O5.5 compound. There are five bands (band num-
bers 110, 111, 112, 113 and 114) across the EF level. The respective
Fermi surface (FS) structures resulting from these five bands are
depicted in Fig. 5a–e along with the merged band shown in Fig. 5f.
The near-Fermi bands demonstrate a complicated “mixed” char-
acter simultaneously with quasi-flat bands along Г–Z, a series of
high dispersive bands intersects the Fermi level. These features
yield a multi-sheet FS, which consists (Fig. 5) of two quasi-two-
dimensional (2D) electron-like sheets in the corners of the
Brillouin zone, and closed disconnected electron-like pockets
(around Z) – instead of cylinder-like hole-like sheets for 47 pmmm
material. Fermi surface defines various electrons in the system,
whose topologies are closely related to the transport features of
materials, such as electrical conductivity [44,45]. The colors (red,
yellow, cerulean and blue) of Fermi surface show variations in

electron velocities which are proportional to the superconductivity
of the material [46].

In order to understand the nature of chemical bonding for the
investigated compound, contour of charge densities in (3 2 0)
plane is displayed in Fig. 4. It is clear that a covalent interaction
occurs among constituting elements due to the fact that states are
degenerate with both angular momentum and lattice site, and also
due to the difference in electronegativity between the comprising
elements. From the figure, it is clear that the O–Co bond strength is
much stronger. In addition there is also a weak interaction
between La and Co atoms due to which they are disturbed on
the charge density contour around each other. Some ionic char-
acter has been noticed from the charge density contour, i.e. Ba and
La atoms have ionic bond nature. In fact, the bonding character
may be described as a mixture of covalent–ionic and, due to the
d-resonance in the vicinity of the Fermi level, is partly metallic. We
also calculated the electronic charge density in (1 0 1) plane in
order to understand the anisotropy between the two planes. The

Fig. 3. Partial density of states (PDOS). (a)–(e) Partial density of states only for EVGGA.
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thermo-scale in Fig. 4 shows the intensity of charge density
around the atoms, in which blue color shows the maximum
charge density while the red color shows the zero charge density.

It is clear that the charge density round the Co atom is greater in
(3 2 0) than that in (1 0 1) plane. Moreover, O–Co atoms are much
closer in (1 0 1) plane than in (3 2 0) plane.

Fig. 4. Electronic charge density (only for EVGGA in (3 2 0) and (1 0 1) plane. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 5. Fermi surface. (a)–(e) Fermi surface of the five bands. (f) Merged band.

A.H. Reshak et al. / Journal of Magnetism and Magnetic Materials 363 (2014) 133–139 137



3.2. Optical properties

In Fig. 6, we have displayed the calculated real and imaginary
parts of the dielectric function for LaBaCo2O5.5 as a function of the
photon energy from 0.0 to 14.0 eV. The dielectric function
ε¼ ε1þε2 spectra will help in accounting for the optical transitions
in LaBaCo2O5.5. The imaginary part of the dielectric function, ε2,
was calculated from direct interband transitions using Eq. (1).
Fig. 6 shows there is a prominent structure in the imaginary part
of the dielectric function of the compound depicted by a peak
around 1.0 eV and other smaller humps that decrease in intensity
with increase in energy. These structures at about 1.0 eV are
associated with direct interband transitions. From band structure
results, the transitions originate from the occupied Co d bands
below the Fermi level to the unoccupied hybridized Co s/p states
above EF. It is seen that the real part of the dielectric function of
the compound has a maximum at less than 1.0 eV and then
decreases sharply and passes through zero at about 0.18 eV. This
is probably due to strong interband transitions from deeper lying
valence bands to unoccupied bands above the Fermi level.

Fig. 7a and b show real and imaginary parts of the optical
conductivity sðωÞ ¼ s1ðωÞþ isðωÞ which is calculated from the
dielectric function using Eq. (3). In the spectral region 9.0 to
11.5 eV there exist three maxima in the conductivity spectra which
can be assigned to optical transitions from occupied Ba p states to
unoccupied La d or Ba d states. The reflectivity spectrum displayed
in Fig. 7c is calculated by employing Eq. (4). It is noticed that the
reflectivity is over 72% in this compound within the energy range

studied. This implies that the material will serve as a good
reflector. There is however a steady decrease in the reflectivity of
the compound with increase in energy to form a valley at 6.8 eV,
then again the reflectivity increases.

4. Conclusions

In summary, we have carried out ab-initio calculations of
electronic structure, charge density, Fermi surface and optical
properties of LaBaCo2O5.5 compound using a full-potential linear-
ized augmented plane-wave method within LDA, GGA and EVGGA
schemes. It has been shown that structural parameters obtained
after relaxation are in good agreement with the experimental data.Fig. 6. Optical properties (imaginary (a) and real parts (b).

Fig. 7. Evaluation of the related optical properties, namely the reflectivity R(ω)
(b) and conductivity.
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Moreover, the electronic structure showed that LaBaCo2O5.5 com-
pound has a metallic character which allows us to calculate Fermi
surfaces. The analysis of charge densities contours reveals that the
bonding character in these compounds may result as a mixture
between covalent–ionic and metallic behavior. We observe more
carefully the calculated optical properties via the calculated optical
spectrum, the reflectivity and optical conductivity.
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