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Abstract We report several ab initio calculations performed
for SryCoB’Og (B’ = Mo, Re) by means of the Density
Functional Theory and the Linearized Augmented Plane
Waves method with spin polarization. For the calcula-
tions, the exchange and correlation potentials were in-
cluded through the local density LDA+U approximation
with B3PWO91. Density of states (DOS) study was carried
out considering both up and down spin polarizations by
the Generalized Gradient Approximation (GGA). From the
Murnaghan state equation, we calculate the cell dimensions
that minimize the total energy. Our results of DOS calcula-
tions show that the Sr,CoMoQOg material presents a metallic
behavior, while SrpCoReQOg reveals a half-metallic nature
with conductor behavior for the spin down orientation and
semiconducting feature for spin up channel. It was observed
close to Fermi level that the low-energy spin down states of
Co are responsible by the majority contribution to conduc-
tion band. The calculated effective cell magnetic moment
of the Sr,CoReOg compound evidences a value 2.02 up,
which is close to an integer number as expected for a half-
metallic material.
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1 Introduction

Double perovskites with formula A,BB’Og, where A repre-
sents an alkaline earth, B and B’ are metal transition mag-
netic and non-magnetic ions and O is the oxygen, have been
known for many years [1] but recently the study of these
materials has increased due to the various technological ap-
plications in the design of magnetic memories or tunnel
junctions and other magnetic devices in the spintronics area
[2]. Perovskite materials have attracted special attention in
many applied and fundamental areas of solid-state and ad-
vanced material sciences due to the exotic magnetic proper-
ties such as colossal magnetoresistance [3], half-metallicity
[4] and magnetoelectricity [5]. Complex perovskite oxides
generally have the formula A;BB’Og. These oxides result
from the ordering of B and B’ cations on the octahedral
site of primitive perovskite unit cell. Magnetic complex per-
ovskites AoBB’Og, where A is an alkaline earth and B,
B’ are magnetic and non-magnetic transition metal, respec-
tively, were discovered by Longo and Ward in 1960s [1].
Nevertheless, the half-metallic feature of the SroFeMoOg
was only established by Kobayashi et al. in 1998 [3]. This
exotic property is characterized by the differentiated con-
ducting response of spin up and spin down orientations. The
density of states (DOS) as a function of energy clearly evi-
dences 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(f2,) and O-2p states. The ex-
tensive half-metallicity studies in double perovskite materi-
als are related with the probable technological applications
in spintronic devices, such as spin valves, sources for spin
polarized electrons and magnetic information storage sys-
tems. The aim of this work is to carry out a detailed ab ini-
tio theoretical study of the complex perovskites SryCoReOg

@ Springer


mailto:jroar@unal.edu.co

2308 J Supercond Nov Magn (2013) 26:2307-2312
'53232 T T T T T T 10 EF
I a) sr,CoReO, ML N B B I B I B UL B I B I B e
-53.235 g 3 SPIN UP 1
-53.238 |- : s T ]
-53.241 + o J i 1
-53.244 | | of
S -53.247 L g _ [ \1 ]
9 L L ]
> -53.250 1 L L ! L 1 = 5+ l !
2 caasol b) Sr,CoMoO, 1 2 | ]
wo e I @ r SPINDOWN Q) ]
E = AP IS TP TP RS R P ANPU U P AP SR R B AP O
-53.455 | 1 & T ]
L @ i
-53.460 | { © 4 SPINUP
L 2 2 i
-53.465 | ] 2 L
L g [
o o0
-53.470 | 3 5 :
L ] 2
-53.475 L 1 L L 1 1
1.38 1.40 1.42 1.44 1.46 1.48 -4
c¢/a parameter 6
Fig. 1 Total energy as a function of the ¢/a factor for the Sr,CoReOg -8 SPIN DOWN

double perovskite, considering the /4/m space group. The inset shows
the total energy for the Sr,CoMoOg compound

and Sro,CoMoQg, which were experimentally analyzed and
reported as antiferromagnetic materials with low Néel tem-
peratures of Ty = 65 K and Ty = 37 K, respectively [6, 7].
Our calculations show that SrpCoReOg behaves as a half-
metallic with a total magnetic moment which is an integer
number of Bohr magnetons. On the other hand, Sr,CoMoOg
presents a metallic behavior.

2 Calculation Method

Calculation of band and electronic structure for SryBB’Og
complex perovskite can be seen as a many body problem
of ions and electrons. These were performed employing the
FP-LAPW method, in the framework of Density Functional
Theory (DFT) as implemented in the WIEN2k code [8]. The
FP-LAPW consists of the calculation of solutions for the
Kohn-Sham equations by first principles methods. In the cal-
culations reported here, we use a parameter RMT * Kpax =
8, which determines matrix size (convergence), where Kmax
is the plane wave cut-off and RMT is the smallest of all
atomic sphere radii. We have chosen muffin-tin radii (RMT)
of 2.5, 1.95, 1.95 and 1.73 for Sr, Co, Mo and O, respec-
tively, for SroCoMoOg and 2.5, 1.96, 1.96 and 1.69 for Sr,
Co, Re and O, respectively, for Sr;CoReOg. The exchange
and correlation effects were treated using the local density
LDA+U approximation with B3PW91 and the Generalized
Gradient Approximation (GGA) for the spin polarization
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Fig. 2 Total DOS for (a) Sr,CoMoQOg and (b) Sr,CoReOg com-
pounds. In the former a metallic behavior is observed close to the Fermi
level, while a half-metallic characteristic is determined for the latter

[9]. This potential considers the difference between the elec-
tronic densities for the two distinct spin orientations. The
self-consistent calculations are considered to be convergent
when the total energies of two successive iterations agreed
within 10~* Ry. We adjusted the Fermi energy to zero. The
integrals over the irreducible Brillouin zone are performed
up to 196 k-points.

3 Results and Discussion

In order to obtain the most accurate results, we have deter-
mined the optimal lattice parameters corresponding to the
minimal energy value. Figure 1 shows the total energy as
function of c¢/a factor. For both materials SrpCoReOg and
SrpCoMoOg total energy was calculated by fittings with the
Murnaghan state equation. From the total energy as a func-
tion of volume we determine the ideal lattice parameters a
and c. Calculations were performed choosing the tetragonal
crystallographic structure 14/m (#87). We obtain lattice pa-
rameters a = 5.533 A, ¢ = 7.860 A for Sro,CoMoOg and
a=5533 A, c=17.859 A for Sr,CoReOg, which corre-
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Fig.3 Magnetic Partial DOS contribution of d orbital to Sr,CoMoQOg
material: (a) distribution of Co-d and (b) Mo-d states for the up and
down spin orientations. The z> and xy orbital contribution are super-
posed

spond to c/a factors of 1.42. These results are in accordance
with experimental results reported in reference [6].

As shown in Fig. 2a, for total DOS close to Fermi level,
we observe that Sr;CoMoOQg evidences a metallic tendency
for both up and down spin orientations. The up states appear
from —7.70 eV up to 0.15 eV, in a continuous line through
the Fermi level. Down states appear in the energy regime be-
tween —7.70 eV and —1.78 eV, followed by an intragap of
0.6 eV and a continuous band from —1.18 up to 0.2 eV. It
is observed in Fig. 2b that Sr,CoReOg presents a clear half-
metallic nature: the spin up channel has a semiconducting
behavior, with a gap of 0.27 eV through the Fermi level, and
the spin down evidences a conductor feature. The up states
are identified from —8.59 eV up to —0.17 eV, below Ef.
Above Ef these are observed from 0.10 eV up to 9.00 eV
with an intragap between 0.91 eV and 3.30 eV. Down states
appear from —8.55 eV up to —2.4 eV, followed for an intra-
gap of 0.54 eV. At the Fermi level there is a continuous band
from —1.80 eV up to 0.90 eV. Above EF, unoccupied states
are observed from 1.00 eV up to 9.00 eV with an intragap
between 2.50 eV and 3.20 eV.
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Fig. 4 Partial DOS contributions of d orbital to SrCoReOg material:
(a) distribution of Co-d and (b) Re-d states for the up and down spin
orientations. The z> and xy orbital contributions are superposed

In the A;BB’Og complex perovskite the effect of oxy-
gen around the B and B’ transition metal cations pro-
duces a splitting of the crystalline field, which rises from
dxy,dxz,dyz,dzz,dxz_yz hybridization levels. It is known
that for no cubic structures, dy, and dy, behave as a single
level dy;4y,, which is a consequence of structure symme-
try lost due the cubic cell deformation necessary to create a
tetragonal structure.

Another explanation is related to the possibility that usual
states are not divided in e, (high energy) and f;, (low en-
ergy) butin d 2, dyy (high energy) and d,2_ 2, diz4y: (low-
energy) levels. Due to the magnetic characteristic of B and
B’ cations, an exchange splitting has place. It is observed
as a difference between e, up and down states, and a dif-
ference between ¢ up and down states. In order to study
these effects, calculations of separate partial densities of Co,
Mo have been performed for Sr;CoMoOg and Co, Re for
SrpCoReOg. These were carried out by considering both up
and down spin polarizations. Results are shown in Figs. 3
and 4.

Figure 3a shows the DOS for the Co-3d levels of the
SrpCoMoOg. Note that d2, dy orbital contributions are ex-
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actly superposed. Down polarized d2_ 2, dx; 4y, levels give
important contribution near the Fermi level. Meanwhile,
d 2, dyy levels belong to the unoccupied states. On the other
hand, up orientated d,2, dyy levels contribute to the conduc-
tion of material, while d\2_ 2, dy-4 . are strongly localized
below the Fermi level. Figure 3b exemplifies the DOS for
the partial Mo-3d states of the Sr;CoMoQOg. We determine
that both up and down high-energy levels do not contribute
to the total DOS close the Fermi level. This information per-
mits to conclude that there are not states occupied by the
Mo-4d level. The absence of Mo-4d levels implies that Mo
has valence +6 and Co has +2 in the Sr;CoMoQOg com-
pound and we do not expect a significant contribution of Mo
to the cell magnetic moment.

Figure 4a exhibits partial densities for the Co-3d lev-
els for the SrpCoReOg material. As in the previous case,
d2,dyy levels are equivalent and d,2_ 2, dyz4y; states have
a similar behavior. Down polarized low-energy states con-
tribute to the conduction band, which appears from —1.80
eV up to 0.80 eV, while high-energy levels contribute to
the unoccupied states above the Fermi level. On the other
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hand, up polarized high-energy states contribute below the
Fermi level in the regime from —1.70 eV up to —0.20 eV
and strongly localized below —3.15 eV (see Fig. 2). Low-
energy states are observed below —3.00 eV. Figure 4b shows
Re-5d levels.

It is observed that up and down high-energy states do not
contribute significantly to the DOS and appear above 3.47
eV (see Fig. 2). Up low-energy states are located close and
above the Fermi level at E > 0.15 eV. We observed that
down low-energy states principally belong to the conduc-
tion band. It is expected from the possible valences of Re,
+5 or +6, which represent an effective magnetic moment
due to 5d' or 5d? electronic configurations. The results of
figure 4 show that conduction states are shared by the Co
and Re cations, which suggests the hybridization of Re-5d
and Co-3d levels.

Figure 5 shows the characteristic band structure of
Sr,CoB’O¢ (B’ = Mo, Re) materials. These results are
absolutely in agreement with that of DOS. As observed
in Figs. 5a and 5b, Sr,CoMoQg evidences a metallic fea-
ture for both up and down spin orientations. In spite of the
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similarity between the band structure for Sr,CoMoOg and
SrpCoReOg compounds, the latter behaves as a half-metallic
material, with a semiconducting behavior for the spin up
channel (Fig. 5¢) and conductor for the other one (Fig. 5d).

In order to explain the splitting of crystalline field and
exchange, in Fig. 6 we present a qualitative scheme of
DOS in Sr;CoMoQOg and SrpCoReOg materials for both up
and down spin orientations. Figure 6a shows splitting for
Sr;CoMoOg material. In the case of Co, splitting of crys-
talline field (spin up) and exchange are more energetic. In
the case of Mo the splitting of crystalline field is above 4.00
eV for both up and down spin configurations. For Mo no ev-
idences of exchange splitting are observed because the high-
and low-energy levels have the same electronic distributions.
In the scheme of Fig. 6a, dark regions represent low-energy
d states and clear regions high-energy d states; left for Co
and right for Mo. It is clear that low-energy states contribute
for the conduction band of material. There is no evidence of
half-metallicity and the calculated effective magnetic mo-
ment due the exchange splitting between high- and low-
energy states of Cois 2.71 up.

For SrCoReOg material, in Fig. 6b we schematize the
splitting of crystalline field with values of 0.92 eV for the
spin up polarization of Co and 1.58 eV for spin down ori-
entation. Splitting of exchange shows 0.42 eV for high-
energy states and 1.88 eV for low-energy states. A breadth
splitting of crystalline field, bigger than 5.00 eV of high-
energy levels of Re for both up and down spin channels,
reveals the unoccupied nature of these states. Low-energy
states present a negligible splitting of exchange but it is clear
that there is a magnetic moment which is related with these
states around the Fermi level. The total magnetic moment
was calculated to be 2.02 up due to the following contri-
butions: psy = —0.004 wup; pco = 2.45 up; pre = —0.48
up; po=0.03 up. As expected for half-metallic materials,
the total cell magnetic moment is close to an integer num-
ber of Bohr magnetons. The presence of Re and Co states
in the conduction band suggests the hybridization of these
cations in order to make possible the origin of an electron
hopping process. Then, we propose that Re spin down levels
are displaced to the low-energy regime and Re spin up levels
are displaced to the high-energy region, which supports the
half-metallic behavior.

4 Conclusions

Ab initio studies of the electronic properties of SroCoB’Og
(B’ = Mo, Re) complex perovskites were performed. The
lattice parameters of the tetragonal perovskites were opti-
mized by the minimization of energy as a function of the c¢/a
ratio. The results are in agreement with experimental reports
[6, 7]. The DOS introducing spin polarization shows that
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Fig. 6 Qualitative scheme of splitting for SrpCoB’Og (B’ = Mo, Re)
compounds. (a) Distribution of Co-d and Mo-d states for the up and
down spin configurations on Sr,CoMoOg material, (b) distribution of
Co-d and Re-d states for the up and down spin orientations, on the
Sr2CoReOg compound. Filled and dot lines represent minor and main
energy states of each spin polarization, respectively

Sr;CoMoOg presents a conductor behavior. On the other
hand, the Sr,CoReOg evidences a half-metallic nature, with
a conductor characteristic for the spin down channel and
semiconducting feature for the spin up orientation. The ma-
jority contribution to the conduction band for both metallic
and half-metallic materials corresponds to the low-energy
spin down states of Co. However, in the case of SroCoReOg,
low-energy spin down states of Re give contributions to
the conduction band. As expected for half-metallic systems
[10], the effective magnetic moment of a cell was deter-
mined to be an integer number for the SroCoReOg com-
pound. It is predominantly due to the Co orbital.
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