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Abstract

In this work, using DFT+U formalism, we investigate the effect of order-disorder in the A-site
occupation by La*" and Sr** on the stability of the ferromagnetic order in Lay;Sr;sMnQOs with
R3c symmetry. To date, a detailed theoretical discussion of such phenomenon, using a
combination of different representations of the electronic structure, is still missing in the
Literature. We employed structural models consisting of 120 atom supercells constructed
according to the precise stoichiometry of the compound. Two configurations, describing
randomized and ordered occupation of the La’*/Sr*" ions, were evaluated. We demonstrate that
the ferromagnetic arrangement of Lay/3Sr;sMnO; with randomly distributed La’ and Sr** ions is
more stable. In such configuration we find that the Mn>* and Mn*" ions are not distinguished,
favoring the double-exchange mechanism, enhanced by the higher degree of covalence in the
Mn-O bonds near the Fermi level between the spin-up Mn-e, orbitals and the O-p orbitals.

Keywords: Lay;sSr;sMn0O; (LSMO), A-site occupation effect, ferromagnetism, first principles
calculation, DFT, electronic structure

1. Introduction

The lanthanide manganite doped with strontium, La;«SryMnO3, has been widely studied in
recent decades due to its special magnetic properties and electron transport characteristics. [1-3]
In the optimized ferromagnetic composition Lay;3Sr;3sMnOs, x = 0.333 (herein LSMO), the spin
polarization is greater than 95% and the Curie temperature (Tc) is ~ 370 K, which makes this
compound a promising candidate for Spintronics as a source of spin-polarized electron current.
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In the perovskite-like structure ABO; of La;,Sr,MnO3, La’" o Sr*" ions occupy the A site and
Mn (Mn®>* or Mn*") ions occupy the B site. The LSMO compound exhibits a ferromagnetic state
below Tc, which is generally explained by double exchange interactions between the Mn’" and
Mn"*" ions. [5-10] In this process, Mn ions transfer electrons through the oxygen ions in the Mn-
O-Mn chains, resulting in a simultaneous change of valences between the Mn ions and a
ferromagnetic ordering of their magnetic moments.

Presently, many theoretical works have been focused on describing the physical properties of
La;«SrxMnO; with cubic and/or tetragonal perovskite structure. [4, 11-15] A half-metallic
bandgap was obtained in the spin-down channel for the PbTiO3/LSMO by V. Borisov et. al. using
the tetragonal structure for the LSMO compound. [11] V. Ferrari et. al. used the pseudocubic
structure and concluded that the generalized gradient approximation (GGA) offers a qualitatively
improved description of the structure and electronic properties of LSMO because it reproduces
the half-metal character and gives lattice constants that are in good agreement with experiment.
[12] G. Banach et al. used the self-interaction corrected local spin density approximation (SIC-
LSD) employing the cubic model of Lag7Sro3MnO; and a half-metallic state was obtained with
the Mn®" ion configuration, whilst Mn*" behaves like a metallic state. [13] C. Ma ef al. used GGA
in combination with the Hubbard potential (GGA+U formalism) with U values between 2 and 3
eV, to obtain the half-metallic behavior of the cubic LSMO in the vicinity of the Fermi level. [4]
In addition, they found that the half-metallic character is independent of the chosen substrate and
is achieved for all the considered in-plane lattice constants. On the other hand, J. Li ef al. used the
GGA + U formalism for a perovskite cell of LSMO and observed a half-metallic behavior, even
with the presence of oxygen vacancy defects. [14] D. Bottcher ef al. investigated the electronic
and the magnetic ground state properties of the LSMO as a function of the tetragonal lattice
distortions, using a multiple-scattering Green function method, confirming that the Tc of the
ferromagnetic LSMO can be controlled by distorting the crystalline structure. [15]

However, few studies have considered the use of the reported rhombohedral structure
belonging to the R3¢ space group, as illustrated with hexagonal axis (see Fig. 1a) and discussed
below, to describe the structural, magnetic and electronic behavior of LSMO. In such symmetry
the nine coordination of the A-site and the rotation of the MnOg octahedron around the [001]
direction (rhombohedral [111] direction), are essential differences between the cubic and
tetragonal models used for LSMO studies. Meanwhile, Goodenough have demonstrated that for
composition x = 0.31 the Mn’" and Mn"*" ions are randomly distributed with each Mn®* near to
only one Mn*" which must be in correspondence with randomly distributed Sr ions replacing the
La ions in the A-site sublattice.[10] Experimentally, D. P. Kozlenko et al. showed that the
ferromagnetic state of bulk Lag;Sro;MnO; remains R3¢ symmetry stable in the 0-7.5 GPa
pressure range.[5] Based on first-principles density-functional calculations and using the GGA,
GGA+U and the pseudo-self-interaction correction (PSIC) methods, G. Colizzi et al. investigated
the structural, electronic and magnetic properties of rhombohedral Lag 5S1937sMnO3 (x = 3/8 =
0.375) under high hydrostatic pressure.[16] Although the effect of La and Sr ions occupation was
not analyzed, G. Colizzi et al. used two configurations for the La and Sr ions distribution with 3
Sr ions in a unit cell (with A-site sublattice following a rock salt structure) containing 8 La ions
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when undoped: one of them with the Sr placed in a (001)-like plane (its most favored
configuration but in opposition to Goodenough theory) and the other with the Sr placed in a
(111)-like plane. They found an enhancement of the antiferromagnetic coupling as compression
is applied, furthermore, Jahn-Teller (JT) distortions are minimal and symmetry remains roughly
rhombohedral even at high pressure. Moreover, experimental and theoretical studies on epitaxial
La,MnNiOg thin films, reported by S. R. Spurgeon ef al., showed that the ordering of the Mn and
Ni ions occupying the B site affect the magnetism of the La,MnNiOg system strongly. [17] They
showed that even in the case of layer-by-layer deposition via molecular beam epitaxy, the system
growth follows multiple reaction pathways that lead to deviations of the stoichiometry, resulting
in Mn-O-Mn and Ni-O-Ni antiferromagnetic monodomain nanoregions, which are detrimental to
the expected ferromagnetic ordering where the Mn and Ni ions occupy the B site randomly.

Besides, R. F. Neumann ef al. used the density functional theory and determined the magnetic
properties of the ferromagnetic/antiferromagnetic LSMO/BiFeO;(001) heterojunctions. [18]
However, to represent the pseudopotential of La/Sr in LSMO, they used the virtual crystal
approximation, replacing the La and Sr atoms by a virtual atom, "LS" atom, whose
pseudopotential is a Lag 67510 33 weighted average of the original pseudopotentials. In summary, a
influence of the Sr distribution on the magnetic properties of LSMO has not yet been fully
addressed.

Thus, the objective of this work is the theoretical study of the effect of the order-disorder in
the A site occupation by La’" and Sr* on the stability of the ferromagnetic order in
Lay/3S113MnO3, using the density functional theory (DFT). To this end, we use structural models
corresponding to rhombohedral R3¢ symmetry and containing the exact stoichiometry of the
compound, employing two 120-atom unit cell configurations as illustrated in Figs. 1c and 1d,
which describe a randomized and an ordered arrangement of the La’*/Sr*" ions occupation,
respectively. A detailed analysis of the crystal structure, chemical bonds, and electronic structure
were made using the combination of different representations such as the density of electronic
states (DOS), band structure, electron density and electron localization function (ELF). A
comparative analysis between the reported experimental and theoretical results is also presented.

2. Computational details

The first principles calculations were performed using DFT as implemented in Quantum-
Espresso [19]. The projector augmented-wave (PAW) method was used to describe the core
pseudopotential. The GGA based on the Perdew-Burke-Ernzerhof (PBE) functional was used for
exchange-correlation effects. For a description of the pseudopotentials, 11 valence electrons were
selected for the La (4f°55°5p°5d" 657, 10 for the Sr (45°4p°5s?), 15 for the Mn (3s”3p°3d’4s”) and
6 for the O (25s°2p*). A plane-wave energy cutoff of 80 Ry was used throughout the calculations.
All atomic positions and lattice constants were optimized until the magnitude of the residual
energy and force acting on each atom was smaller than 10 Ry/atom and 10° Ry/a.u,
respectively. The k-point meshes of Monkhorst-Pack 7 x3x3 and 3 x9x9 were used for geometry
structural optimization and electronic structure calculations, respectively. Taking into account the

3



strong coulombic repulsion between the localized d-states of Mn, we use the GGA + U
approximation to describe the correlation effects in the transition metal oxides.

To evaluate the optimal value of U for Mn (Uwmy), we take into account as reference the
theoretical studies on LSMO that exhibit a half-metallic character with a spin-down bandgap of
about ~ 2 eV, and maximum values of DOS at energies between -1 and -2 eV below the Fermi
energy (Er) and between 1 and 3 eV above Er for the Mn-t,, states for spin-up and spin-down,
respectively. [20] Table 1 collects the values of bandgap, magnetic moment of Mn ions, and
energy of the maximum of spin-up (below Ef) and spin-down (above Er) DOS for Mn-#,, states
obtained for different values of Umn. As can be noted, the spin-down maximum of #,, states for
Uwmn > 4 eV is outside the reported range from 1 eV to 3 eV, while for Uy, = 3 ¢V, the magnetic
moment value of Mn ion is 3.66 g is close to the experimental value of 3.70 pg. [20] Therefore,
Uwmn = 3 eV was selected and used for the rest of our calculations.

Table 1. Values of the spin-down states bandgap, the magnetic moments of the Mn ions, and the
energy of the maximum of Mn-t;, DOS in the spin-up and spin-down channels for different Uy

values.
Uwmn values (eV) | Eg(eV) | M (up/Mn) | £, (eV) g (eV)
spin-up | spin-down
0 1.676 3.38 -1.5866 1.4435
1 2.085 3.47 -1.6731 1.3869
2 2411 3.57 -1.7198 | 2.2302
3 2.637 3.66 -1.7190 | 2.6210
4 3.130 3.76 -1.7315 3.4585
5 3.450 3.86 -1.7091 3.7709

3. Results and discussion

The LSMO hexagonal unit cell (space group 161-R3c), is illustrated in Figure la. Its lattice
parameters ay = by = 5.504 A and cyy = 13.351 A, and the Wyckoff positions of La/Sr 6a (0.0000,
0.0000, 0.2500), Mn 65 (0.0000, 0.0000, 0.0000), O 18e (0.4580, 0.0000, 0.2500), were taken
from the data base (ICSD file # 88409).

However, to study how the order or disorder of the A-site occupation by La’* and Sr** ions
affect the magnetic properties of LSMO, and understand the corresponding role of the Mn®* and
Mn"*" ions distribution on the magnetic interaction mechanism, we used a linear transformation
from the hexagonal to a rhombohedral unit cell, herein called construction cell (CC40). This new
CC40 unit cell of LSMO, displayed in Fig. 1b, contains 40 atoms (8 La/Sr, 8 Mn and 24 O) with
a=b=c=77587 A, and a = =y =90.37° and preserves the R3¢ symmetry. Thus, the (012)y
plane of the hexagonal unit cell corresponds to the (002)cc plane of CC40. In this way, to fulfill
the stoichiometry of the Lay;3Sr;sMnO; compound, for which the La/Sr ratio is 2, we built a
larger supercell, which has 120 atoms and consists of three rhombohedral CC40 cells (see Fig.
1c). This new supercell (CC,4,) contains 16 La*", 8 Sr*, 24 Mn®"*", and 72 O* ions. This new
supercell contains 16 La3+, 8 Sr2+, 24 Mn3+/4+, and 72 O% ions. Two distinct configurations in
terms of the occupation of the A-site by La’* ions or Sr*" ions were considered for this supercell
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in order to explore the role of Mn’" and Mn*" ordering: i) a configuration in which the La’* and
Sr*" ions were randomly placed in the A-site (CC,., see Fig. lc); and, ii) an ordered
configuration in which eight Sr** were placed around a single Mn ion, assuming that this Mn ion
behaves like Mn*"(CC,,4, see Fig. 1d). Concerning the CC,,, supercell, it should be mentioned
that, in fact, three different random configurations were initially built. As demonstrated in the
Supporting Information, the energy of the three random configurations is very similar. Moreover,
the energy difference between the three random configurations is much smaller than the energy
difference between any of the random configurations and the ordered configuration (CC,,,). For
these reasons, we will hereafter consider a single CC,,, supercell (the one displayed in Fig. 1c¢).
Moreover, it is known that the magnetic ordering in the crystal structure of the LSMO is
established mainly by the alignment of the magnetic moments of the Mn ions. Therefore, in our
calculations, we established a collinear arrangement of the magnetic moments of the Mn ions
parallel to the ¢ direction as illustrated in Figures 1c¢ and 1d.

Figure 1. Structure of the LSMO: (a) hexagonal unit cell corresponding to the space group R3¢
(the shadowed MnOg octahedrons show their rotation around the [001] direction), (b)
rhombohedral construction cell of 40 atoms (CC40), and 120 atom supercell with Sr ions c)
randomly (CC,,,) and d) ordered (CC,,,) distributed.

The results of the structural relaxation for CC,,, and CC,,, supercells are presented in
Table 2. The energy difference between the systems, AE = Eccyan - Eccora = -0.9684 €V, indicates
that the structure with randomly ordered La’" and Sr*" ions is more stable than that with ordered
La’* and Sr** ions. The lattice parameters for CC,,, and CC,,, cases are similar to each other (see
Table 2). However, the lattice angles a # y = f of the CC,,, are slightly larger than those of the
CC,q. The average value of the Mn-O bonds is 1.99 A for CC,,, and CC,,; cases and slightly
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higher than those reported in other works, such as 1.96 A [16] and 1.954 (2) A [5]. However, the
Mn-Mn distances are not the same for both cases. For comparison, Mn ions are indicated in Fig.
Ic and 1d with numbers enclosed in square brackets. In the CC,,, case, the distance between the
Mn ions remains close to ~3.93 A. However, for the CC,,y case, the distance of Mn1-Mn2 and
Mn2-Mn3 is 3.90 A, while the distance between Mn3-Mn4, Mn4-Mn5, and Mn5-Mn6 is longer,
~3.97 A. This can be ascribed to the Mn4, Mn5 and Mn6 ions, which are surrounded by La ions,
thereby behaving like Mn®" with ionic radius of 0.645 A. Conversely, the Mn2 ions are
surrounded by Sr ions, causing Mn2 to behave like Mn*" with a shorter ionic radius of 0.530 A
with the consequent decrease of the Mn1-Mn2 and Mn2-Mn3 distances. [22] Moreover, taking
into account the effective ionic radius of La®" and Sr** (1.216 A and 1.310 A, respectively), we
can confirm that the randomness of the A-site occupation for the CC,,, develops a homogeneity
of the Mn-Mn distance, while the ordered occupation of CC,,; generates a non-uniform Mn-Mn
distance distribution, which is a difficult situation to obtain experimentally, especially in bulk.

Table 2. Results of structural relaxation for the CC,,, and CC,,, configurations.

CCran CCora
Total energy of the system (eV) -262574.8865 | -262573.9181
cell parameters
a(A) 23.5766 23.6886
b(A) 7.8567 7.8641
c(A) 7.8576 7.8642
y (a,b) (°) 90.68 90.45
£ (ac)(°) 90.68 90.45
a (b,c) (°) 90.69 90.60
Distance between Mn ions
Mnl-Mn2 (A) 3.93 3.90
Mn2-Mn3 (A) 3.93 3.90
Mn3-Mn4 (A) 3.92 3.98
Mn4-Mn5 (A) 3.92 3.97
Mn5-Mn6 (A) 3.94 3.97
Average distance of Mn-O bond (A) 1.99 1.99
Distortion angles
0 (°) [w (?)] 161.77 [9.12] 162.79 [8.60]

On the other hand, the octahedral distortion can be discussed through the analysis of the 6
angle of Mn-O-Mn bonds in the acc, bcc and ccc directions, and the rotation angle w of the
octahedra related to 8 by w = (180°- 0)/2. [23] Table 2 summarizes the values obtained from the
structural relaxation processes. Similar # values obtained for CC,,, (161.77°) and CC,,4 (162.79°)
are smaller in comparison with the reported experimental values of 166.12° [5], while in
correspondence, the octahedral distortion @ is higher than the theoretical values of w ~7° in
agreement with the experimental value [16]. However, the distortion of MnOg octahedra in CC,,
(w = 9.12°) is slightly higher than in CC,,; (v = 8.60°). As will be discussed below, this small
difference corresponds with the more stable ferromagnetic behavior of the CC,,, supercell,



consistent with its lower total system energy, associated with a higher degree of covalence or
semicovalence in the Mn-O bonds that promote the double-exchange interactions.

Table 3 shows the magnetic moment values of each labeled Mn ion and the average value
for all ions calculated for the CC,,, and CC,,, cells. Due to the hybridization of the Mn-3d and O-
2p orbitals, the oxygens acquire a finite magnetic moment that tends to be antiparallel to the
nearby Mn magnetic moment due to the fact that the Mn-3d layer is partially occupied. [16] The
average magnetic moment of each ion is equal for both supercells and, as can be noted, the
highest magnetic contribution comes from the Mn transition metal ions with an average value of
3.69 ug, in good agreement with the reported experimental value of 3.7 pug [21].

However, noticeable differences are observed between the magnetic moment values of the
individual Mn ions for the CC,,, case (Table 3). The magnetic moment value of 3.88 pg obtained
for Mn5, surrounded by La’" ions, is higher than that of 3.63 pg for Mn2 surrounded by Sr** ions.
As expected, this difference can be taken as evidence that the Mn2 surrounded by Sr** behaves
like Mn*" and the Mn5 surrounded by La’" behaves like Mn®". These results agree with the
higher values of magnetic moment reported experimentally for Mn®* ion in LaMnOs (3.87 pp)
[24] with respect to those reported for Mn*" ion in StMnOs (2.6 us) [25].

Table 3. The magnetic moment values of each labeled Mn ion and average value of the magnetic
moments in g units for both cases, CC,,, and CC,,4.

CCran | CCora

Mn’*/Mn*" average | 3.69 | 3.69
Sr*" average 0.02 | 0.02
La’ average 0.07 | 0.07
O” average -0.03 | -0.03
Mnl 3.73 | 3.60

Mn2 3.71 | 3.63

Mn3 3.67 | 3.60

Mn4 3.68 | 3.70

Mn5 3.66 | 3.88

Mn6 3.70 | 3.70
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Figure 2. Band structure and TDOS (in the center part) obtained for (a) CC,,, and (b) CC,y
supercells.

Figures 2a and 2b present the band structure for the spin-up and spin-down states and the
total density of states (TDOS) of the CC,,, and CC,,s supercells. The Ep value is set to zero
energy. In both cases it is observed that the spin-up states exhibit a metallic band structure with
states above and below of the Fermi level, while the spin-down states show a semiconductor band
structure with bandgap values of 2.9 eV for CC,,, and 2.6 eV for CC,,4. Such features describe
the expected half-metal behavior of the LSMO [26].

The TDOS and partial density of states (PDOS) of the Sr**, La®", Mn’”*" and O* ions for
CC,an and CC,,4 are shown in Figure 3a and 3b, respectively. For both cases, it is observed that
the states of the Sr-4p and La-5p orbitals mainly contribute near -15.3 eV and -14.6 eV,
respectively, and do not contribute in the energy region near Er between -7 eV to 3.8 eV.
Meanwhile, as expected for the states of La-4f, they contribute in the energy region near below
Er and mainly at higher level in the conduction region above Er. As can be seen in Fig. 3a, a
strong hybridization is observed between the spin-up Mn-3d and O-2p states which mainly
occupies all sub-band from -7 eV to Ep indicating the covalence degree of the Mn-O bonds;
meanwhile, in such energy region only a contribution of the spin-down Mn-3d states is observed
around -5 eV far from Eg. In addition, near Er (from -1.26 to 1.64 eV) only the spin-up Mn-3d
and O-2p states are present, confirming the half-metal behavior characteristic of the LSMO

compound.
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Figure 3. Selected TDOS and PDOS for (a) CC,,, and (b) CC,,, cells.

To understand better the FM behavior of LSMO, only the deconvoluted PDOS in the
region of -2 eV to 3.5 eV for the Mn2 ion (¢, and e, states) and for their nearest oxygen ions (p
states) in the MnOg octahedron corresponding to the oxygen O x, O y and O_z ions, which are
along the x, y and z axes, respectively, are shown in Fig. 4a for the CC,,, and Fig. 4b for the
CCora. It 1s observed that the hybridization of the Mn-3d orbitals 7, and e, states is stabilized only
with the Py, Py, and P, orbitals of the oxygen ions that are close to the x, y and z-axis,
respectively. It is worth noting that only spin-up Mn-e, states are directionally bonded with such
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Py, Py, and P, in the energy region of -1.26 eV to 1.64 eV for CC,,,, and of -1.40 eV to 1.70 eV
for CC,,4. This strong directional hybridization between the oxygen Py, Py and P, orbitals with the
spin-up Mn-e, orbital establish a high degree of covalence in the Mn-O bonds near Eg, which
enhanced the exchange interactions between the valence states of the Mn ions. Such features are
the essential ingredients of the double-exchange mechanism occurrence that causes the FM
alignment. [16, 10]
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Figure 4. Selected PDOS for the indicated states for (a) CC,4, and (b) CC,,4 cells. O _x, O vy, and
O _z are the oxygens surrounding the Mn2 ion in the octahedron along the x, y and z axes,
respectively.

Figures 5a and 5c¢ show the PDOS functions of the e, and #,, orbitals corresponding to the
Mnl, Mn2, Mn3, Mn4, Mn5 and Mn6 ions for the CC,,, and CC,,; models, respectively. Figures
5b and 5d show a close-up of the PDOS functions in Figures 5a and 5c, respectively, in the
energy range from -3 eV to 2 eV. For the CC,,, case (Figs. 5a and 5b), the PDOS of the e, and 7,4
orbitals are very similar for all Mn ions. However, for the CC,,, cell (Figs. 5S¢ and Fig. 5d) a shift
to energies near Er of the #,,-PDOS profiles for the Mn2 and Mn3 ions is seen in comparison
with the PDOS of other Mn ions. This shift can be associated with the fact that Mn2 in CC,,y
behaves like Mn*" due to its environment of 8 Sr*" ions, while Mn4, Mn5 and Mn6 behave like
Mn’". Here, we demonstrate that the Mn*" presents a half-metallic state, where the bandgap of the
spin-down states decreases to 2.6 eV (see Table 4) probably be due to the changes in the Mn-O
bond length and the octahedron distortion for Mn2 and Mn3 ions compared with the values of the
other Mn ions (see Table 2). This result is different from those reported in Reference 13 where,
using an ordered supercell of LaySroMngO1g with cubic symmetry, the authors showed that Mn**
gives rise to a metallic state with a negligible spin polarization at Er.

Table 4. Bandgap values of the spin-down states, and the HOMO and LUMO values in eV for
the CC,,, and CC,,4 supercells.

Ccran CVC’ord
HOMO | LUMO | Gap, spin-down | HOMO | LUMO | Gap, spin-down
Mnl | -1.2585 | 1.6415 2.9 -0.9011 | 1.6989 2.6
Mn2 | -1.2585 | 1.6415 2.9 -0.9011 | 1.6989 2.6




Mn3 | -1.2585 | 1.6415 2.9 -0.9011 | 1.6989 2.6
Mn4 | -1.2585 | 1.6415 2.9 -1.4011 | 1.6989 3.1
Mn5 | -1.2585 | 1.6415 2.9 -1.4011 | 1.6989 3.1
Mn6 | -1.2585 | 1.6415 2.9 -1.4011 | 1.6989 3.1

On the other hand, it is evident that from the PDOS of the CC,,, configuration (Fig. 5a
and 5b) it is not possible to distinguish between Mn®>* and Mn*" ions giving rise to promotion of
the double-exchange mechanism between the Mn ions and therefore to the establishment of the
FM ordering in the LSMO. However, if the A-site occupation is ordered as the CC,,; model, the
local stability of the Mn ions with 3+ or 4+ valence, limits the double-exchange occurrence
favoring the antiparallel superexchange interactions in detriment of the short range FM coupling.
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Figure 5. PDOS of the e, and 1, states of the Mnl, Mn2, Mn3, Mn4, Mn5 and Mn6 ions for (a)
CC,4n and (b) CC,,4 supercells. (b) and (d) show a close-up of the PDOS functions (a) and (c),
respectively, in the energy range from -3 eV to 2 eV.

In order to distinguish the kind of bonds involved, we use the electronic density
representation (ED) and the electron localization function (ELF) analysis. In particular, the ELF
provides a measure of the local influence of Pauli's repulsion on the behavior of electrons and
allows real-space mapping of the core, bond, and non-crystal regions. [27-28]

Figures 6a and 6b show the ED and ELF functions projected on the (100)cc and (12 0
0)cc planes for the CC,,, case, where it can be seen that a small charge density is shared between
the O* and Mn*"*" ions. The directional nature of the shared charge distribution between the O*
and Mn*"*" ions confirms the presence of covalence in the Mn-O bonds as discussed previously
in the TDOS and PDOS analysis in Figures 3a and 4a. On the other hand, the charge
concentration between the Sr*" and O ions is almost negligible, confirming the purely ionic
nature of the Sr-O bonds. Meanwhile, it can be observed that the La’" ions partially share their
electron density with the O* ions, which entails an ionic bond with a certain degree of covalence
or semicovalence, resulting in an increase of the magnetic moment value of the La’" ions (see
Table 3) which in turn, promote an increase in the net magnetic moment of the system.

11
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Figure 6. (a) Electronic density and (b) ELF projected on the planes (100)cc and (12 0 0)¢c for
the CC,,, case.

4. Conclusions

We have successfully investigated the effect of order-disorder in the A-site occupation by
La’* and Sr** on the stability of the ferromagnetic order in bulk LSMO with R3¢ symmetry,
using the DFT+U formalism and the Quantum Espresso software package. We have
demonstrated that the ferromagnetic arrangement of LSMO with randomly distributed La®" and
Sr*" ions is more stable than that with an ordered A-site occupation. With the random
configuration, it is not possible to distinguish between the Mn®" and Mn*" ions, thus favoring the
double-exchange mechanism, which is enhanced by the high degree of covalence in the Mn-O
bonds near the Fermi level between the spin-up Mn-e, orbitals and the O-p orbitals. Conversely,
in the ordered configuration, it is possible to distinguish the ions of Mn’" and Mn*', so the
double-exchange mechanism is not favored. It is demonstrated that for the rhombohedral
symmetry, Mn*" causes a reduction of the bandgap for the spin-down states, nevertheless, the
half-metallic nature is maintained. Our work makes clear that for optimal performance of
electronic devices making use of LSMO, especially in Spintronics, the random occupancy of the
A-site is recommended.
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