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The structural, electronic and half-metallic properties of XoMnUQg (X= Sr or Ba) are investigated
by using the first-principles calculations. It is shown that these two compounds exhibit half-metallic
ferromagnetism with an integer magnetic moment of 5.00 ug. The half-metallicity is attributed by
the double-exchange interaction mechanism via the Mn 3d-O 2p-U 5f hybridization. The XoMnUOsg
compounds are found to be promising candidates for spintronic applications.
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1. Introduction

Double-perovskite compounds such as A;BB’Og
have recently received a lot of attention due to their
potential applications in numerous industrial and
engineering domains [1-5]. The new generation of
double perovskites has been widely recognized and
deemed technologically promising to be used also in
the photovoltaic, photodetector or photocatalytic
fields [6-8].

Half-metallic ferromagnetic materials have at-
tracted significant interest of both the academic
and industrial circles. Half-metallic ferromagnetism
plays an important role in high-performance spin-
tronic applications [9]. These materials have a com-
plete (100%) spin polarization at the Fermi level
when one spin channel is metallic while the other
channel — a semiconducting one.

Several half-metallic ferromagnetisms have
been predicted by first-principles calculations or
synthesized experimentally. These include dou-
ble perovskites (e.g., CuMnyInSey [10] and
UX506 [11]), FC5Ng monoclinic [12], Suzuki-type
compounds LigTMClg [13], double perovskite
SroGdReOg and RBaMn,Og (X Nd, Pr,
La) [14, 15] and quaternary Heusler compounds
(e.g., PtZrTiAl, PdZrTiAl, CoMnCrSb and
Ti;RhSn;_,Si;) [16-18].

In this work, a new series of XoMnUQOg dou-
ble perovskites is studied theoretically, where X is
the main group element corresponding to Sr or Ba.
As opposed to their oxide and halide siblings,
polycrystalline oxide perovskites (SroMnUQOg and
BayMnUOQOg) have received little attention so far.
Only limited data have been reported on the phys-
ical properties and thus further studies are needed
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on possible spintronic technological applications.
This fact has prompted us to investigate the struc-
tural, electronic and half-metallic properties of
SroMnUOg and BagMnUOg materials. Our cal-
culations are carried out with the use of first-
principles calculations based on the density func-
tional theory within the generalized gradient ap-
proximation (GGA) plus the Hubbard parameter U.
The results are compared with the experimental
and previously published theoretical data, wherever
it was possible.

2. Method of calculation

To compute the structural, electronic and half-
metallic properties of the XoMnUQOg compounds,
we have applied the density functional the-
ory (DFT) based on the self-consistent cycle of
the full-potential linearized augmented plane wave
(FPLAPW) method [19] into WIEN2k code [20].
The exchange-correlation energy correction is
parametrized using the GGA plus Hubbard U
term [21]. Surprisingly, this U term is appropri-
ate to improve the band gaps of solids as com-
pared to the GGA and obtain accurate values of
the electronic band gaps close to the experimen-
tal ones. The Kohn-Sham equations are solved
self-consistently using the FPLAPW method.
In the calculations reported here, we use the param-
eter RyrKmax = 9 which determines the matrix
size (convergence), where K.y is the plane wave
cut-off and Ryt is the smallest of all atomic sphere
radii. The radii Ryr of the muffin tins (MT) are
chosen to be approximately proportional to the cor-
responding ionic radii. The Mn 3d and U 5f was
treated using the GGA+U approach. This method


http://doi.org/10.12693/APhysPolA.138.834
mailto:berrisaadi12@yahoo.fr

The 100 years anniversary of the Polish Physical Society — the APPA Originators

uses an effective parameter Usg = U+ J, where U is
the Hubbard parameter and J is the exchange pa-
rameter. The Hubbard parameter approach, which
includes the exchange-correlation potential, is also
very efficient for studying strongly correlated elec-
trons, where the energy bandgap of the given ma-
terial can be evaluated more accurately. Then, for
such cases, the core electrons are taken to be rel-
ativistic, whereas the valence electrons are consid-
ered as semi-relativistic.

These assumptions seem to be best suited for our
system and a full potential method. We considered
the U.g value to be 6.04 eV and 3.906 eV for U 5f
and Mn 3d atoms, respectively, similarly to [22, 23].
The mesh of k points in the first Brillouin zone rel-
ative to the center of I' point was selected to be
12 x 12 x 12. We have chosen l,,x and Gpax to be
10 and 14, respectively.

3. Results and discussion

The atomic structure of the Xy;MnUQOg com-
pounds is known to crystallize in a cubic lat-
tice, which has space group F'm-3m (225), where
X atoms occupy 8¢(0.25,0.25,0.25) sites, Mn —
45(0.5,0.5,0.5) sites, U — 4a(0,0,0) sites and O
— 24¢(0.25,0,0) sites of the cubic unit cell [24].
The crystal structure of the XoMnUOg alloy is
shown in Fig. 1. This compound has been reported
to stabilize in a ferromagnetic F'm-3m (225) stable
ground state. The experimental lattice parameters
have been optimized with Birch-Murnaghan’s [25]
equation of state by fitting energy versus cell vol-
ume in ferromagnetic (FM) and antiferromagnetic
(AFM) cases. The energy minimum was found in
the FM together with the stable magnetic config-
uration, as seen in Fig. 2. The calculated ground
state parameters, such as the lattice constant a [A],
bulk modulus B and pressure derivative of the bulk
modulus, are shown in Table I. Note that the opti-
mal lattice parameters a obtained by this proce-
dure agree well with the experimental values re-
ported in [24] and with the previous calculations
published in [26].

Mn

X

Fig. 1. Crystal structure of XoMnUOs.

835

TABLE I
The calculated bulk parameters of XoaMnUOg.
Compound | a [A] | B [GPa] B’ Ref.
BasMnUQOg | 8.501 134.029 | 4.701 | this work
8.52 - - exp. [24]
8.52 - - other [26]
SroMnUOg | 8.379 137.995 | 3.913 | this work
8.28 - - exp. [24]
8.28 - - other [26]
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Fig. 2. Calculated normalized energy as a function

of volume.

We have also investigated the electronic band
structure and total density of states because most
of the physical properties of solids are related to
those quantities. In the case of the XoMnUQOg com-
pound (see Fig. 3), it can be seen that the spin-up
direction shows a metallic behaviour and spin-down
direction evinces a semiconducting behaviour with
an indirect band gap of 3.05 eV and 2.32 eV around
the Fermi level for SroMnUQOg and BasMnUOg,
respectively. The energy gap in the minority-
spin band gap leads to 100% spin polarization
at the Fermi level, resulting in the half-metallic
behaviour at equilibrium state.

In order to get a deeper insight into the electronic
structure of XoMnUQOg, the partial densities of
states (PDOS) have been calculated in both the ma-
jority and minority spin (see Fig. 4). The Fermi
level was set to zero eV. The density of states was
presented for SroMnUQOg only because in the case
of BagMnUOQg the results are similar, with a small
difference. As shown in Fig. 4, the core region
(below —16.0 €V) is primarily dominated by X p
electrons for both spin channels. The valence region
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Fig. 3. Band structure for high-symmetry direc-
tions in the Brillouin zone. Spin-up (black line)
and spin-down (red line).
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Fig. 4. Total and projected density of states for
SrgMnUOﬁ.

is essentially contributed by the de, and dty, of Mn
atoms hybridized with O p and small contribution
from U 5f. The conduction region is mainly con-
tributed by the 5f state of U atoms.

The total obtained interstitial and atom-resolved
magnetic moments of XsMnUQOg are shown
in Table II. The total magnetic moments per unit
cell of the order of 5.00up for the XoMnUOQg alloys
are close to integer values and this result confirms
the half-metallicity of the considered materials.
The basic contribution to the total magnetic mo-
ment comes from the Mn and U atoms. Small con-
tributions constitute the interstitial region, whereas
the moments of Ba, Sr and O contribute weakly.
Our results of the magnetic moment for manganese
atoms are in accord with the experimental data re-
ported as 6.2 pp in [27]. Our results of the magnetic
moment for uranium atoms are also in agreement
with the previous studies [24]. The presence of
the half-metallicity in our compounds is related to
the double-exchange mechanism which is a type of
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TABLE II

Individual and net magnetic moments m [us] of
X2MnUOg compounds.

Compound | my, | mu mx MO | Minter | Mtot
BaaMnUOg | 4.133 | 0.415 | 0.002 | 0.016 | 0.350 | 5.000
SroMnUOsg | 3.902 | 0.528 | 0.003 | 0.027 | 0.418 | 5.000

a magnetic exchange that arises between ions in dif-
ferent oxidation states. This theory, first proposed
by Zener [28], predicts the relative ease with which
an electron may be exchanged between two species
and has important implications for whether mate-
rials are ferromagnetic or antiferromagnetic. One
interaction arises due to the hybridization of Mn 3d
states with the O 2p states and the other interac-
tion arises from the hybridization of U 5f states
with the O 2p states in the Fermi region. The ap-
preciable spin splitting of Mn 3d states at the Fermi
level also drags the U 5f orbitals through the dou-
ble exchange interactions, i.e., Mn 3d-O 2p-U 5f
hybridization.

4. Conclusion

Highly spin-polarized magnetic materials emerge
as promising candidates for spintronic technol-
ogy. We present here a theoretical study of two
new double perovskites BaoMnUQOg and SroMnUOg
in a cubic structure. The half-metallicity is at-
tributed by the double-exchange interaction mech-
anism via the Mn 3d-O 2p-U 5f hybridization.
The XoMnUQOg compounds are found to be ade-
quate materials for future spintronic applications.
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