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We report several ab initio calculations performed over the A;FeMoOg (A=Ba, Ca) double perovskite. Re-
sults show that it is an insulator for the spin up orientation and conductor for the other one. We investigate the
electronic structure of A;FeMoOg by means calculations of density of states for both spin orientations, based
on the Density Functional Theory and the Linearized Augmented Plane Waves method. For the exchange cor-
relation potential we chose the Generalized Gradient Approximation since this potential consider the difference
between the electronic densities for the two distinct spin orientations from the beginning. The density of states
is calculated by the histogram method and the position of the Fermi level is found by integrating over the den-
sity of states for both spin orientations. With the calculated densities of states, the half metallic properties of
these compounds can be observed with the position of the Fermi level. Our results are in agreement of the
Sarma’s methodology, who considers a new mechanism for the magnetic interactions responsible for the mag-
netism on the A;FeMoOg family. We also calculate the cell dimensions that minimize the total energy for each

configuration using the Murnaghan equation state.
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I. INTRODUCTION

There are currently immense research interests in per-
ovskite oxide materials, because of their varied structure,
composition and physical characteristics. These materials
have attracted intense research activities in many applied and
fundamental areas of solid state science and advanced mate-
rials research due the exotic properties such as high temper-
ature superconductivity [1], colossal magnetoresistance [2],
half-metallicity [3] and magnetodielectricity [4]. The com-
plex perovskite oxides generally have the formula A, BB’Og
and result from the ordering of B and B’ cations on the oc-
tahedral site of the primitive perovskite unit cell. Magnetic
complex perovskites AyBB’Og, with A being alkaline earth
ion and B, B’ transition metal ions, were discovered by Longo
and Ward in 1960’s [5]. However, the half-metallic feature of
the SroFeMoQOg was established by Kobayashi et al in 1998
[3]. This exotic property is characterized by the differentiated
conducting response of the spin up and spin down orienta-
tions. The density of states as a function of energy clearly
evidences that majority spin component shows a energy gap
at the Fermi level, as the insulating materials, and the other
spin orientation is continuous at the Fermi level, due the
strong hybridization of Fe 3d(t,) and O 2p states. Moreover,
it was experimentally observed that the A,FeMoOg (A=Sr,
Ba, Ca), compounds exhibit tunneling magnetoresistance and
high Curie temperatures (~450 K) [6]. The extensive half-
metallicity studies in double perovskite materials are related
with the probable technological applications in spintronic de-
vices, such as spin valves, sources for spin polarized electrons
and magnetic information storage systems.

Ab initio study of disorder effect by band-structure methods
was recently reported [7]. Authors used the linear muffin-tin

orbital method within the framework of atomic sphere approx-
imation, finding that disordering destroys the half-metallic na-
ture and leads to a reduction in the net magnetic moment of the
ordered system. Studies of self interaction local spin density
electronic structure and total energy calculations were per-
formed in Srp,FeMoOg [8]. Their results evidenced a similar
electronic structure for A=Sr, Ba and Ca, with a gap energy for
the majority spin component and strongly hybridized bands
for the minority spin orientation at the Fermi level. The origin
of the magnetism in the double perovskites A;FeMoQOg evens
this in discussion. Recently a new mechanism had been pro-
posed by Sarma [9], in this, the hopping interactions and the
hybridization of 3dMo levels and 2pO levels with the 3dFe
levels, gives as result, the half-metallic behavior.

In order to analyze the importance of the exchange gap for
the half-metallic behavior, in this paper we report a complete
electronic-structure analysis by using the Density Functional
Theory and the Full Potential Linearized Augmented Plane
Waves (DFT-FP-LAPW) method for A,FeMoOg (A=Ba, Ca)
compounds. We also calculate the cell dimensions that min-
imize the total energy for each configuration using the Mur-
naghan Equation State. Density of states for up and down spin
orientations were calculated for the t¢ and e, levels of the Fe
and Mo elements.

II. CALCULATION METHOD

The calculation of band- and electronic-structure for the
complex perovskite A,FeMoOg can be to seen as a many
body problem of ions and electrons. The calculations are per-
formed by employing the FP-LAPW method, in the frame-
work of DFT and implemented in the WIEN97 code [10,11].
The FP-LAPW consists in the calculation of solutions for the
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Kohn-Sham by the first principles method. In the calculations
reported here, we use a parameter Ry7K;,,+=8, which deter-
mines matrix size (convergence), where Kmax is the plane
wave cut-off and Ry is the smallest of all atomic sphere radii.
‘We have chosen the muffin-tin radii (MT) for Ba, Ca, Fe, Mo
and O to be 2.0, 2.0, 1.8, 1.8 and 1.8, respectively.

The exchange and correlation effects were treated by using
the Generalized Gradient Approximation (GGA) [12]. This
potential considers the difference between the electronic den-
sities for the two distinct spin orientations from the beginning.
The density of states is calculated by the histogram method
and the position of the Fermi level is found by integrating
over the density of states for both spin orientations. The self-
consistent calculations are considered to be convergent when
the total energies of two successive iterations agreed to within
10~* Ry. We adjusted the Fermi energy to zero. The inte-
grals over the irreducible Brillouin zone are performed up to
47 Kk-points.

III. RESULTS AND DISCUSSION

The tolerance factor (f) determines the perovskite struc-
ture from the ionic radii of constituted elements of compound,
their expression is

ra-+ro

= 7o)

ey

where, (rg) are the average ionic radius for the ions on the
B and B’ sites, r4 is the ionic radii for the ion on the A site
and ry is the ionic radii of the oxygen. Experimental lattice
parameters, tolerance factor and structure type are presented
in table I.

TABLE I: Structural parameters for the compound A;FeMoOg
(A=Ba, Ca) [13].
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Compound BaFeMoQOg |CayFeMoOg

f 1.04 0.95

Structure Cubic Monoclinic

Exp. Param. |a=8.06 A a=5.41 A, b=5.52 A, c=7.71 A
Optimal Par.  |a=8.12 A a=5.19 A, b=5.28 A, c=7.10 A
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FIG. 1: Total density of states for spin down (above) and up (below)
configurations, on the Ba,FeMoOg compound.

presented between -8.0 eV to -0.3 eV separated of the unoccu-
pied states by a 0.98 eV gap. For Ca;FeMoOg compound, the
occupied states with spin up orientation are separated of the
unoccupied states by a 0.6 eV gap. This is the reason because
this spin channel exhibits an insulating response. In Figs. 3
and 5 we show partial states corresponding to Fe 3d. Partial
states corresponding to Mo 4d are shown in Figs. 4 and 6. For
the spin down orientation we clearly observe that Mo 4d states
contribute to the conducting behavior.
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In order to obtain the optimal lattice parameters (table I),
corresponding to the minimal energy value, the total energy
as a function of volume for the Ba,FeMoOg and Ca;FeMoOg
compounds were determined by fittings with the equation
state of Murnaghan. In the case of CayFeMoOg, with mon-
oclinic structure, we use the experimental ratios b/a = 1.02
and c/a = 1.37.

As shown in Figs. 1 and 2, for the total density of states
close the Fermi level, we observe the same half-metallic na-
ture for both compounds: the spin down channel has a con-
ducting behavior while the spin up evidences an isolated fea-
ture. In particular, for the spin up orientation the result for
Ba,FeMoOg compound evidences occupied states which are
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FIG. 2: Total density of states for spin down (above) and up (below)
configurations, on the CayFeMoOg compound.

Fe 3d states are also present, but in a minority proportion.
In figures, solid line identifies the delocalized d — e, and dot
line corresponds to localized d — 15, states. Fig. 3 shows the
partial density of states for both spin orientation, up and down,
corresponding to the Fe 3d levels for Ba,FeMoOg compound.

It is observed that the crystalline field evidences a splitting
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FIG. 3: Partial density of states for spin down (above) and up (below)
configurations, for 3d-Fe levels on the BayFeMoOg compound.

between 7, and e, levels. Exchange splitting between #¢ up
and 7,down, and between e, up and e, down are also ob-
served. There is a minimal gap of 0.05 eV between t,¢ and e,
levels for the spin down configuration. For the spin up config-
uration, there is a gap of 0.18 eV between 1, and ¢, levels. In
general, the contribution of 15, states to DOS is significantly
longer than e, states for both spin orientations.
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FIG. 4: Partial density of states for spin down (above) and up (below)
configurations, for 4d-Mo levels on the BayFeMoOg compound.

In Fig. 4, we clearly observed the superposition of partial
density of states for localized Mo d — 1, and delocalized Mo
d — e levels, which characterize the splitting of crystalline
field between 1, and e, states, and exchange splitting between
tye up and f,down levels, and between e, up and e, down
states. There are gaps of 1.92 eV and 2.04 eV between 1,
and e, levels for the spin up and spin down configurations,
respectively. In this figure, the e, levels appear from 3.10 until
6.13eV.

Figures 5 and 6 describe the exchange and crystalline field
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FIG. 5: Partial density of states for spin down (above) and up (below)
configurations, for 3d-Fe levels on the CayFeMoOg compound.

splitting behaviors of Fe 3d and Mo 4d levels, respectively,
for the CapFeMoOg compound. Figure 5 shows a similar be-
havior for Fe 3d levels with the compound with A=Ba, but
in this case the gap between the #), and e, states for the spin
up orientation is 0.10 eV and the gap for the 7;, and e, states
(crystal field) with spin down orientation is 0.38 eV. As in the
A=Ba case, the main presence of #,, states is a relevant char-
acteristic in the DOS. Figure 6 shows a similar behavior for
Mo 4d levels, with gaps of 2.40 eV and 2.60 eV between 15,
and e, states (crystal field) for spin up and spin down orien-
tation, respectively. The e, states have high energies between
4.00 eV to 6.80 eV for both spin orientation.

For both compounds the results can be to resume by means
the qualitative scheme of figure 7. Part (a) describes the Fe 3d
states, where we observe a strong exchange splitting between
spin up and spin down for both e, and f,, states. However, the
splitting of the crystalline field is relatively weak. The Mo 4d
levels are described in part (b) of this diagram. We notice that
the e, states generally are in higher energy values as compared
with Fe states.

Moreover, in the case of Mo levels, the exchange splitting
is not observable, due the superposition between f, levels for
spin up and spin down configuration, while the crystal field is
bigger. In part (c) of scheme, according with the Sarma model
[9], hopping interactions are responsible for the hybridization
of Fe 3d and Mo 4d states. More relevant is the fact that
the delocalized 5, spin down and spin up states are displaced
below the Fermi level. However, 75, spin up states are closer to
the Fermi level. As proposed by Sarma [9], the shift of the up-
and down-spin states, induce a spin-polarization of the mobile
electrons due to hopping interactions between the localized
electrons and the conduction states. On the other hand, for
both spin orientations up and down, e, states are relatively
pushed down as a result of the hybridization, but these remain
above the Fermi level.
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FIG. 6: Partial density of states for spin down (above) and up (below)
configurations, for 4d-Mo levels on the CayFeMoOg compound.
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FIG. 7: Qualitative scheme of crystalline field splitting and exchange
splitting as a function of energy for: (a) Fe states, (b) Mo states and

(c) hybridization of Fe and Mo by considering the hopping interac-
tions.

(a) (b)

C. M. Bonilla et al.
IV. CONCLUSIONS

We perform several ab initio calculations over the
AsFeMoOQOg (A=Ba,Ca) double perovskite. Our results show
that it has an insulator behavior for the spin up orientation
and conductor for the other one, as expected for half metal-
lic materials. Analysis of electronic structure for BaFeMoOg
and Ca,FeMoOg by means calculations of density of states
for both spin orientations, based on the DFT-LAPW method
permitted to infer that the #,, spin down states are responsible
by the conductivity feature for both Fe 3d and Mo 4d states.
On the other hand, the insulate behavior of the spin up config-
uration can be attributed to the e, states.

Additionally, we correlated our results with the recent
model propose to explain the conduction mechanism in this
kind of compound, by an extension of the methodology of
Sarma [9], who considers a new mechanism for the magnetic
interactions responsible for the magnetism on the A;FeMoOg
family. This is performed by using the partial densities of
states. We have found that both structures BaFeMoOg and
CapFeMoOg have half-metallic behavior at the ground state.
We also calculate the cell dimensions that minimize the total
energy for each configuration using the Murnaghan equation
state.
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