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First-principles study of the electric, magnetic, and
orbital structure in perovskite SCcMnOz
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Perovskite ScMnOs has been synthesized under high temperature and high pressure. The magnetic
ordering of this compound was proposed to be in the E-AFM state in previous theoretical research. Such
magnetic ordering would lead the Mn®* ions to be off-centered in the MnOg octahedra; however, this is
not detected experimentally. To address this issue, we systematically investigate the magnetic, orbital,
and electric structures of perovskite ScMnOsz with first-principles calculations. It is found that its
magnetic ground state is G-AFM and the magnetic ordering can explain the puzzle very well. Moreover,
there is an unreported three-dimensional alternating cooperative orbital ordering in perovskite ScMnOs.
The antiferromagnetic coupling between the nearest-neighbor Mn®* ions is stabilized by the strong
octahedral distortions that decrease the ferromagnetic interaction between the ey orbitals of the Mn**
ions. In addition, we find that perovskite ScMnOs is a bipolar antiferromagnetic semiconductor in which
completely spin-polarized currents with reversible spin polarization can be tuned simply by applying
a gate voltage. Such controllability of the spin polarization of the current opens up new avenues for
future spintronic devices. Our results not only suggest that the G-AFM phase is the ground magnetic
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1. Introduction

Rare-earth manganites exhibit a variety of fascinating physical
phenomena, such as their unusual magnetoresistance proper-
ties, peculiar charge, spin, and orbital orderings, and spin-
driven ferroelectricity.’® Owing to the different ionic radii of
R*" (R: rare-earth), RMnO; can naturally form two different
types of structures: one is a perovskite orthorhombic (R = La-
Dy) structure’™ and the other is a hexagonal (R = Ho-Lu, Y, Sc)
structure.'™® In particular, the hexagonal structure RMnO; can
be stabilized into the perovskite orthorhombic phase for small
R*" (R = Ho-Lu, Y) ion sizes under high temperature and high
pressure.'* Additionally, as the ry (the radius of rare-earth ion
R*") changes from La to Lu, a complex magnetic phase diagram
has been established for orthorhombic RMnO; (R = La-Lu, Y)
materials with the perovskite crystal structure (space group:
Pnma, no. 62).*>' The collinear A-type antiferromagnetic
ordering is favored when the R*" ions are light rare-earth
cations (R = La, Pr, Nd),"”?° whereas manganites exhibit
a sinusoidal magnetic structure when the R*" ions are Tb or
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state for perovskite ScMnOs, but also enrich research in orbital ordering in rare-earth manganites.

Dy.®*'">* Starting at Ho, the metastable orthorhombic RMnO;
systems are proposed to be E-AFM insulators.®'*?

Recently, perovskite ScMnO; (PSMO) has been synthesized
under high temperature and high pressure.>*?” Since the Sc**
ion has the smallest radius among rare-earth elements, PSMO
has a highly distorted structure and crystallizes into the
monoclinic P2,/n (space group, no. 14) phase. In this phase,
there are two kinds of Mn atoms denoted as Mn1 and Mn2 (see
Fig. 1). Additionally, there is a small deviation in 8 (experi-
mental value: 93.566°, see ref. 26) compared with other ortho-
rhombic rare-earth manganites. Such highly distorted
structures can be well understood from the Goldschmidt

Ry + Ro

2(Rg + Ro)
radii of ions on the A, B, and X sites, respectively.*® In PSMO, the
calculated 7 is 0.83 (LaMnOs: 0.902; LuMnOj;: 0.840),* indi-
cating that PSMO has a larger lattice distortion than LuMnOj;.
In PSMO, the rotations and tilts of the MnOg octahedra are the
same as those of other rare-earth manganites, which can be
expressed as a'b'c” in Glazer notation. However, the Mn-O-Mn
bond angle in PSMO is quite different from those of other
orthorhombic rare-earth manganites (see Fig. 2). Although the
crystal structure of PSMO has been definitely confirmed in
previous experimental studies,***” its ground magnetic state is
still uncertain. Recently, in order to understand the effect of
magnetic ordering on the distortion, a theoretical study based
on density functional theory (DFT) has shown that the E-AFM
phase has a lower energy than that of A-AFM.*” Moreover, it is

tolerance factor t = , where Ry, Rg, and R are the
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Fig. 1 The crystal structure of monoclinic P2;/n ScMnOs. (a) Top view: the labeled 1% layer and 2" layer to distinguish the different MnOg
octahedra. (b) Side view. The positions of the unique atomic sites are labeled for clarity and the unique MnOg octahedra are shaded magenta
(Mn1) and blue (Mn2). In the figure, the golden and red spheres are Sc and O atoms, respectively.

also predicted that there are displacements of the Mn sites of indicating that the E-AFM phase cannot explain the experi-
~0.07 A in the E-AFM phase. However, such displacements are ~mental observation. Therefore, the magnetic ground ordering
not detected by experimental study even at low temperature,” of PSMO still calls for more accurate theoretical models to

Fig.2 Schematic diagrams of the Mn—O—Mn bond angle. The magenta and blue balls represent the spin-up and spin-down Mn** ions. (a) The
bond angles in HoMnOz and LuMnOz with E-AFM magnetic ordering. The ¢, is the bond angle between antiparallel-coupled Mn-spins; ¢ is the
bond angle between parallel-coupled Mn-spins. (b) The bond angle in ScMnO3z with G-AFM magnetic ordering. The ¢,_s is the bond angle
composed by the long and short bond lengths; the ¢,,,—n, is the bond angle composed by the two middle bond lengths; the ¢ is the bond angle
along the c-axis. The magenta and blue balls represent spin-up and spin-down Mn ions, respectively.

2144 | RSC Adv., 2019, 9, 2143-2151 This journal is © The Royal Society of Chemistry 2019
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account for the controversy in such a highly perovskite
compound.

The focus of the present work is to clarify the magnetic
ground state of monoclinic P2,/n ScMnO;, in more general
terms, to investigate its electric and orbital properties in depth.
With first-principles calculations, we consider different
magnetic alignments for the highly distorted manganite (FM, C-
AFM, A-AFM, G-AFM and E-AFM, see ESI Fig. S11) ScMnO;. It is
found that the G-AFM state is the magnetic ground state for
PSMO and that such a state can give correct structural infor-
mation in describing the displacements of Mn** ions. More-
over, we reveal a new type of orbital ordering which can be
expressed as a 3z° — r*/3y” — r*-alternating manner in the 1%
layer and 3x* — r%/3z> — r-alternating behavior in the 2™ layer,
and along the ¢ axis it forms 3y” — r*/3z> — r-alternating and 3z°
— r*/3x> — r-alternating orbital orderings in a chain-like
manner in the two adjacent chains. In such a three-
dimensional staggered orbital ordering system, the competi-
tion between the antiferromagnetic and ferromagnetic inter-
actions plays a relevant role in the stabilization of AFM
interactions between nearest-neighbor Mn** ions. In addition,
PSMO is identified as a bipolar antiferromagnetic semi-
conductor, in which completely spin-polarized currents with
reversible spin polarization can be created and controlled
simply by applying a gate voltage. Such controllability of the
spin polarization of the current gives PSMO great potential
applications in future spintronic devices. This study not only
finds that the magnetic ground state of ScMnO; is a G-AFM
state, but also enlarges the field of orbital ordering in rare-
earth manganites.

2. Computational methods

First-principles calculations are carried out using DFT with
projector augmented wave (PAW) potentials,* as implemented
in the Vienna ab initio simulation package (VASP).*"*> The PAW
potentials explicitly include three valence electrons for Sc
(3d"4s%), 13 for Mn (2p°3d°4s®), and 6 for O (2s”2p*) atoms. The
exchange correlation functions are represented within the
generalized gradient approximation (GGA) by the PBE and
PBEsol parameterizations.**** Meanwhile, the local density
approximation exchange correlation function (LDA) repre-
sented by the Cz-Pz parameterization is also used in optimizing
the structure of ScMnO;.** Additionally, the GGA + U method is
also employed to investigate the influence of +U correction. The
rotationally invariant approach introduced by Dudarev et al. is
used to treat the Coulomb repulsion parameter U.*® To investi-
gate the effect of the U value on the calculated results, we use U
values changing over the range 1-5 eV with a fixed exchange
parameter ] = 1 eV for the 3d orbital of Mn ions. The wave
function is expanded in a plane wave basis with an energy cutoff
of 600 eV. 6 x 6 x 4 I'-centered k-point sampling is used for
reciprocal space integrations in calculating the FM, C-AFM, A-
AFM, and G-AFM magnetic states (a v/2 x v/2 x 2 supercell is
used in the calculations), and 6 x 3 x 4 I'-centered k-point
sampling is used for the E-AFM magnetic state (a v/2 x 2v/2 x 2
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supercell is used in the calculations). We have carefully checked
convergence with these settings by testing higher energy cutoffs
and larger k-point meshes. Each self-consistent electronic
calculation is converged to 10~ ® eV and the tolerance force is

converged to less than 1 mevV A",

3. Results and discussion

The optimized lattice parameters of PSMO with different
magnetic orderings are summarized in Table 1 together with
the experimental data (293 K).>* The agreement between the
calculated and experimental crystal parameters is perfect, and
the relative errors are all within 3% when the PBE and PBEsol
functions are used in the calculations, while the relative error
exceeds 8% when the Cz-Pz function is used. The total energies
for various possible magnetic orderings are calculated with
PBE, PBEsol, and Cz-Pz parameterizations, and the calculated
results are summarized in Table 1. It is found that the magnetic
ordering of the ground state is G-AFM phase within the GGA
method (including PBE and PBEsol functions), while the
ground magnetic ordering is FM within the LDA method. It
should be noted that the magnetic state of PSMO is proposed to
be antiferromagnetic ordering experimentally.>® Thus the LDA
method not only overly underestimates the lattice parameters,
but also gives a dissimilar magnetic ordering compared with
experimental data. Therefore, we do not use the LDA method in
the next study and continue to use the GGA method to inves-
tigate the structure, electric, and orbital properties of ScMnOs;.

Then we discuss whether the proposed G-AFM state can
explain the structural distortions observed experimentally. To
obtain the distortion of the MnOg octahedra in PSMO, we
calculate the bond lengths of Mn-O of different magnetic
orderings, and the results are listed in Table 2. Herein, it should
be emphasized that the two calculated bond lengths are equal
along the local axis of the MnOg octahedra for the G-AFM, FM,
C-AFM, and A-AFM phases; thus, the Mn*" ions are in the center
of the MnOg octahedra. It is, therefore, indicated that there is no
displacement of Mn®** ions in PSMO with these magnetic
orderings. Conversely, for the E-AFM phase, we can see that the
bond lengths are different along the local axis of the MnOg
octahedra; thus, the Mn®' ions are not in the center of the MnOg
octahedra any more. From the difference in bond lengths, one
can calculate the displacements of Mn®* ions. The calculated
magnitudes of displacements away from the center are about
0.06 and 0.13 A for the PBEsol and PBE functions, respectively.
In a previous DFT study, the calculated displacements of Mn>*
ions are about 0.07 A for the E-AFM phase. However, these
displacements are not detected experimentally.”” Therefore, it is
suggested that the ground magnetic ordering of PSMO is not E-
AFM. Based on the calculated total energies of PSMO with
different magnetic orderings, one can conclude that the
magnetic ground state is G-AFM. It should also be emphasized
that the G-AFM state is a new magnetic ordering in the family of
rare-earth manganites.*

Another interesting result is the distortions of MnOg octa-
hedra, which have a significant effect on the electric structures

RSC Adv., 2019, 9, 2143-2151 | 2145
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Table 1 The calculated lattice parameters and energy differences of PSMO with different magnetic orderings (in meV/Mn). The experimental
values are taken from ref. 26. The energy of the FM phase is chosen to be zero in calculating the energy difference

Exp. Method G-AFM E-AFM C-AFM A-AFM FM
a(A) 5.053 PBEsol 4.965 4.967 4.955 4.991 4.985
PBE 5.056 5.059 5.045 5.080 5.073
Cz-Pz 4.793 4.800 4.806 4.801 4.802
b (A) 5.355 PBEsol 5.335 5.353 5.329 5.363 5.360
PBE 5.357 5.366 5.356 5.374 5.378
Cz-Pz 5.335 5.330 5.319 5.312 5.306
c (&) 7.757 PBEsol 7.626 7.554 7.624 7.558 7.546
PBE 7.894 7.864 7.884 7.865 7.847
Cz-Pz 7.089 7.052 7.070 7.040 7.037
8 () 93.566 PBEsol 94.325 93.648 93.765 93.672 92.743
PBE 94.702 94.785 94.993 94.780 94.468
Cz-Pz 90.088 90.082 90.085 90.088 90.075
AE (meV) — PBEsol —63.2 —53.7 —55.0 -15.0 0.0
PBE —52.8 —40.8 —41.4 -17.5 0.0
Cz-Pz 39.8 49.2 61.3 28.1 0.0
HSE06 —63.1 12.3 —49.4 —30.1 0.0

Table2 The calculated bond lengths of PSMO with different magnetic
orderings (in A). The experimental values are taken from ref. 26

Bond Exp. Method G-AFM E-AFM C-AFM A-AFM FM
Mn1-O2 1.920 PBEsol 1.888 1.907,1.887 1.909 1.897 1.932
PBE 1.902 1.915,1.895 1.913 1.903 1.917
Mn1-O3 1.967 PBEsol 1.942 1.936,1.922 1.951 1.934 1.938
PBE 1.965 1.970,1.958 1.968 1.969 1.969
Mn1-O1 2.138 PBEsol 2.115 2.108,2.071 2.093 2.102 2.075
PBE 2.202  2.208,2.170 2.185 2.200 2.189
Mn2-O1 1.902 PBEsol 1.871 1.891,1.875 1.871 1.892 1.896
PBE 1.891 1.903,1.891 1.889 1.906 1.905
Mn2-0O3 1.930 PBEsol 1.917 1.960,1.921 1.914 1.947 1.953
PBE 1.925 1.948,1.922 1.925 1.934 1.944
Mn2-02 2.320 PBEsol 2.283 2.250,2.205 2.240 2.229 2.166
PBE 2.442  2.468,2.371 2.413 2.422 2.385

of transition metal ions. The distortion can be described by two

normal modes, Q, and Q;, which are represented by
2

—(2m — [ — s)*¥, where [ = long

Q= Z(Z - \/6

bond length, m = medium bond length, and s = short bond
length. Because of the two unique Mn>" ions in PSMO, there are
two Q, and two Q; modes in PSMO. The calculated results are

5)3 and Q=

Table 3 The calculated normal modes Q, and Qs for PSMO with
different magnetic orderings. When calculating the normal modes for
the E-AFM phase, the |, m, and s are averaged

Exp. Method G-AFM E-AFM C-AFM A-AFM  FM
Mn1-Q, 0.308 PBEsol 0.321  0.272  0.260  0.290  0.202
0.322 PBE 0.424 0.401 0.384 0.420 0.385
Mn2-Q, 0.591 PBEsol 0.591 0.488 0.521 0.477  0.382
0.571 PBE 0.779 0.738 0.741 0.729 0.679
Mn1-Q; —0.101 PBEsol —0.097 —0.105 —0.082 —0.107 —0.107
—0.098 PBE —0.142 —-0.136 —0.132 —-0.135 —0.137
Mn2-Q; —0.296 PBEsol —0.394 —0.366 —0.231 —0.185 —0.127
—0.270 PBE —0.261 —-0.187 —-0.369 —0.376 —0.329

2146 | RSC Adv., 2019, 9, 2143-2151

summarized in Table 3. One can see that the calculated values
of the distortion mode of ScMnO; with the G-AFM phase within
the PBEsol function is quite close to the experimental data.””
Additionally, the modes of Mn1 and Mn2 are not equal. It is
indicated that the local environments of the nearest-neighbor
(NN) Mn ions are distinct from each other. This difference
may induce a charge transfer between NN Mn ions. The electron
numbers of d-orbital electrons of Mn ions have been calculated
with the PBEsol function and they are 4.95 and 4.98e for Mn1
and Mn2, respectively. Obviously, a weak charge ordering of NN
Mn ions exists in PSMO. Herein, the fascinating thing is that the
origin of this charge order is quite different from the Mn**/Mn**
charge order in La, ;Ca, 3MnOs3,* in which the charge order is
induced by doping the alkaline-earth metal, while in PSMO the
charge transfer is just related to the distortion of the MnOg
octahedra.

Now let us discuss how the distortion of the MnOg octahedra
affects the electronic structure of PSMO. From the Mn-O bond
lengths listed in Table 2, one can clearly see that the Mn-O
bond in the MnOg octahedron is elongated in one direction,
while being compressed in another direction. It is well known
that such a distortion will make the double degenerate e, orbital
in an ideal cubic perovskite split into two nondegenerate energy
levels: one is the 3z* — r* orbital and the other is the x> — y*
orbital. The famous example is the distortion of MnOg octa-
hedra in LaMnOs;, in which the MnOg octahedra are alternately
elongated in the xy plane. Therefore, a 3x* — */3y> — 7* orbital
ordering has been reported in LaMnO;."* We wondered whether
such an ordering will appear in PSMO. After systematically
analyzing the Mn-O listed in Table 2, we find that in layer 1 the
MnO, octahedron at the Mn1 site is elongated along the z axis,
while the MnOg octahedron at the Mn2 site is elongated along
the y axis. Thus, the orbital ordering for such a distortion can be
expressed as 3z> — 1?/3y* — * in layer 1. In layer 2, the MnOg
octahedra at the Mn2 sites are elongated along the x axis, while
the MnOg octahedra at the Mn1 sites are elongated along the y
axis. Thus, in such a frame, the orbital ordering can be

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 The calculated eq4 spin charge density distributions of the P2,/n with the G-AFM state within the GGA + U (Uegr = 1.0 eV) method. The
energy windows of 1.5 eV widths just below the Fermi level are plotted in (a) and (c) which characterize the 3z% — r?, 3x*> — r?, and 3y® — r? orbitals;
the energy window of 1.5 eV widths just above the Fermi level are plotted in (b) and (d) which characterize the x> — y?, y? — z2, and 2% — x° orbitals.
The red and blue isosurfaces show spin-up and spin-down charge densities, respectively. (a) and (b) are side views; (c) and (d) are top views along

the [001] direction.

expressed as 3x> — /32 — r* in layer 2. Additionally, along the z
axis they form 32> — 7*/3x*> — r*-alternating and 3y*> — r*/32> — r*-
alternating orbital orderings in a chain-like manner in the two
adjacent chains. In order to characterize the orbital orderings
more clearly, the spin charge density of the e, orbital is calcu-
lated within the PBEsol method. Fig. 3a and ¢ show the e, spin
charge density integrated from —1.5 eV to the Fermi level;
Fig. 3b and d plot the e, spin charge density integrated from the
Fermi level to 1.5 eV. It can clearly be seen that the spin charge
density of the Mn1 site has a predominantly 3z> — r* orbital
character, while at the Mn2 site the charge density has
predominantly 3y* — * and 3x* — 7* orbital characters for layer 1
and layer 2, respectively. Therefore, such an alternating
arrangement of orbital ordering in PSMO is three-dimensional
and it is quite different from the in-plane two-dimensional
orbital ordering (3x* — ?/3y> — r* orbital ordering) in other
RMnO; (R = La-Lu, Y).>'***'*> It should also be emphasized
that this three-dimensional orbital ordering is different from
other three-dimensional orbital ordering, such as in strained
LaMnOj; (where the behavior of the orbital ordering is expressed
as 32> — r’/x> — »*)'** and in bulk YVO; (the VO, octahedra are
alternately elongated along the x and y axes in the xy plane in
the first layer and along the y and x axes in the xy plane in the
second layer; the behavior of the orbital ordering is expressed as
xz/yz in the first layer and yz/xz in the second layer) (see

This journal is © The Royal Society of Chemistry 2019

Fig. S27).* Therefore, we reveal that PSMO possesses an unre-
ported three-dimensional competitive orbital ordering. This
result enriches research on orbital ordering in the family of
rare-earth manganites.

Having systematically discussed the orbital ordering, now let
us study how the three-dimensional cooperative orbital
ordering affects the magnetic coupling between the NN Mn**
ions. In PSMO, the spin-spin coupling consists of antiferro-
magnetic interactions (]A, from the ty,~O-ty; and t,,~O-€,
orbitals) and ferromagnetic e-O-e interactions (J*, from the e,
orbital), respectively. According to the Goodenough-Kanamori
rules,**> the magnetic interactions between NN Mn** ions in
monoclinic ScMnOj; should be FM, as shown in the ab plane of
LaMnO; in which the absolute value of J* (J¥ < 0) is stronger than
that of J* (J* > 0).” However, our calculated results predict an
AFM interaction between NN Mn-Mn ions. This seems to be in
contradiction with the Goodenough-Kanamori rule. This
discrepancy is because the <Mn-O-Mn bond angle ¢ is much
smaller than 180° in perovskite monoclinic ScMnO;. As shown
by a previous model and DFT studies, the bond angle ¢ plays an
important role in determining the magnetic interaction,
through altering the relative magnitude of J* and J* interac-
tions.*>'***4 1t is well known that the hopping integral between
Mn-e, states depends both on the bond angle ¢ and on the
bond length. The 4, (the overlap integral between Mn-d and O-

RSC Adv., 2019, 9, 2143-2151 | 2147
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Fig. 4 The calculated electric properties for monoclinic PSMO in the G-AFM magnetic orderings calculated within the HSEO6 function. (a) Band
structure. The black and red lines represent the spin-up and spin-down states, respectively. (b) Total DOS. (c) Projected DOS for the Mn-d orbital.
(d) Projected DOS for the O-p orbital. The blue dashed line represents the Fermi level and it is set as the zero of the energy scale.

180° — ¢

p states) is roughly described by t4p, o where d is the

-2 -

d3.5 ’
Mn-O bond length.'®** According to the picture outlined by
Zhou and Goodenough, the J¥ interactions decrease with ¢
while the J* interactions are nearly constant.'® The continuous
reduction of J¥ in J = J¥ + J* as ¢ decreases could induce J to
change from negative to positive. Based on the Heisenberg
Hamiltonian, Yamauchi et al. calculate the magnetic interac-
tions in orthorhombic RMnO; (R = La-Lu, Y). They find that as
R changes from La to Lu, the J monotonously increases from
—12.9 to 0.2 meV.* According to previous theoretical and
experimental reports, the magnetic couplings between the NN
Mn atoms are antiferromagnetic when the bond angles are less
than 143.00°.*

Herein, as a reference, we calculate the bond angles of
perovskite HoMnO; and LuMnO; within the PBEsol method,
because in these compounds, the in-plane magnetic couplings
are both ferromagnetic and antiferromagnetic (see Fig. 2a). In
HoMnOs;, the calculated bond angles are 142.09° and 145.89°
for ¢, and ¢y, respectively. In E-AFM LuMnO;, the calculated
bond angles are 140.84° and 144.60° for ¢, and ¢, respectively.
Due to the three-dimensional orbital ordering, the bond angles
considered in PSMO not only include the in-plane angles (¢,
and ¢, see Fig. 2b), but also include the out-of-plane angles
(¢out, see Fig. 2c). In order to study the effect of the orbital
ordering on the magnetic properties of this system, we calcu-
lated bond angles in PSMO. Within the PBEsol method, the
calculated in-plane bond angles are 132.10° and 141.58° for ¢,,_
= and ¢, respectively. Obviously, the in-plane bond angles are

2148 | RSC Adv., 2019, 9, 2143-2151

both less than 143°; thus the in-plane magnetic interactions
between the NN Mn** ions are antiferromagnetic along both the
x and y axes. Additionally, the calculated out-of-plane bond
angle is 132.10° (still less than 143°). Therefore, the magnetic
interaction along the z axis is also antiferromagnetic. To
understand the microscopic origins of the G-AFM ground state
PSMO, the exchange interactions are extracted from the calcu-
lated total energy of all considered magnetic orderings. Based
on the Heisenberg Hamiltonian with a normalized spin
moment used in a previous report,” we can estimate the
superexchange interaction energies J; (i = x, y, z). The calculated
results are 6.0, 2.8, and 3.3 meV for J,, J,, and J,, respectively.
The positive values indicate that the magnetic interactions are
all antiferromagnetic.

To obtain a comprehensive understanding of PSMO, we
study its electric properties with a hybrid Heyd-Scuseria-Ern-
zerhof function (HSEO06, the standard exact-exchange mixing
parameter « of 0.25 is used).*® As shown in Fig. 4a, the valence
band maximum (VBM) locates at the X point while the
conduction band minimum (CBM) locates at the I" point, sug-
gesting that the PSMO is an indirect band gap semiconductor
with a band gap of 2.50 eV (the spin-down band gap is 2.57 eV
and the spin-up band gap is 2.50 eV). Interestingly, it is can be
seen from the band structure (Fig. 4a) and the total density of
states (DOS, Fig. 4b) that the spin-down bands and spin-up
bands are not symmetrically occupied. Based on the above
discussion, we can conclude that PSMO is a bipolar antiferro-
magnetic semiconductor,*” which can provide completely spin-
polarized currents with tunable spin polarization simply by
applying a gate voltage. In PSMO, when the Fermi energy is
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tuned in the range —0.78-0 eV, the conducting channel is
opened for spin-up electrons; when the Fermi energy is tuned in
the range —1.30 ~ —0.78 eV, the conducting channel is opened
for spin-down electrons. Such controllability of the spin polar-
ization of current opens up new avenues for future spintronic
devices. We also plot the partial density of states projected onto
the Mn-d and O-p orbitals to investigate the component in the
conduction and valence band edges, as shown in Fig. 4c and d.
The valence and conduction band edges are mainly contributed
by the Mn-d orbital. It can be seen that the split energies (the
energy difference between the 3z> — r* and x> — »* orbitals)
induced by the octahedral distortions are 2.50 and 3.28 eV for
the Mn1 and Mn2 ions, respectively. Below the Fermi level the
[-2.1 eV, 0 eV] energy window is mainly occupied by the 32> — r*
orbital of Mn ions, whereas above the Fermi level the [2.50 eV,
3.45 eV] energy window is mainly composed by the x* — y*
orbital of Mn ions. Moreover, in the [—7.50 €V, 3.16 eV] energy
window, the d orbital of Mn ions is strongly hybridized with the
p orbital of O ions.

In the above calculations, we do not consider the electronic
correlation of the d-electron of Mn®* jons. It is generally
accepted that the correlation has a notable effect on the
magnetic ground state in rare-earth manganites.******* For
instance, previous reports have pointed out that the small U
(~2.5 eV) is found to stabilize A-AFM with respect to E-AFM in
distorted manganites such as HoMnO; and LuMnOj; at variance
with experiments, which show E-AFM as the ground state.
Moreover, previous studies also showed that as the U parameter
increases, the magnetic ordering will be FM. Additionally, with
the constrained random-phase-approximation method, Solo-
vyev obtained Uy = U — J = 1.30 eV (U = 2.15 eV and J = 0.85
eV), Ueg=U—J=1.38eV (U=2.24 eV and J = 0.86 eV), and U
=U-J=1.31eV(U=2.16 €V andJ = 0.85 eV) for the d orbitals
of Mn*" ions of orthorhombic LaMnOs;, TbMnOs, and HoMnO;,
respectively.®> This indicated that the magnetic ordering of
ground state distorted manganites is rather strongly affected by
the U parameter, which is, unfortunately, experimentally not
known for ScMnO;. Nevertheless, we also carried out DFT + U
calculations to investigate the influence of electronic correla-
tion on the stability of the magnetic ground states. We recal-
culated the total energy of all spin orders using the GGA + U
method with U values changing over the range Ueg = 0-4 eV.
The calculated results are displayed in Fig. 5. It can clearly be
seen that the G-AFM state is the ground state when U is less
than 2.30 eV; then the E-AFM state is the ground state when Ue
is between 2.30 and 2.70 eV; and the FM state is the ground state
when U, is larger than 2.70 eV. Obviously, we find a similar
tendency in previous reports on the magnetic ordering being
affected by the U parameter.*~**** This result can be attributed
to the significant reduction in antiferromagnetic exchange
interaction (J*), since the + U treatment enhances the localiza-
tion of t,, states. While the e, states are not directly affected by +
U treatment due to the strong hybridization between the e, and
O-p states (JF). Thus, it is suggested that the smaller electronic
correlation can give the correct magnetic ground state in
calculating the magnetic properties of rare-earth manganites.
According to the Uy used in previous studies (Ueg < 2
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Fig. 5 The calculated phase diagrams of different magnetic orderings
and lattice structure parameters as a function of Ueg. The energy
difference is defined as AE = Erpm — Earm. The vertical dashed lines
represent the phase boundaries between different magnetic
orderings.

eV),*¥145051 the magnetic ground state of PSMO is G-AFM. In
order to overcome the problems related to the arbitrary choice
of the Hubbard U parameter, we also carry out total energy
calculations within the HSE06 function for PSMO with different
magnetic orderings.*® The calculated results also show that the
G-AFM state has the lowest energy (see Table 1).

4. Conclusion

In conclusion, the lattice, electric, and magnetic properties of
highly distorted monoclinic PSMO have been systematically
investigated with first-principles calculations. We find that the
magnetic ground state of PSMO is the G-AFM state. It is also
found that the G-AFM state can give correct structural infor-
mation in describing the displacements of Mn®* ions. More-
over, an unreported three-dimensional alternating cooperative
orbital ordering is also reported in this study. Because of the
smaller bond angle of <Mn-O-Mn induced by the high JT
distortion, the nearest-neighbor Mn®** ions exhibit an AFM
magnetic interaction, although PSMO has a three-dimensional
cooperative orbital ordering. Moreover, it is found that the
PSMO is a bipolar antiferromagnetic semiconductor in which
completely spin-polarized currents with reversible spin polari-
zation can be tuned simply by applying a gate voltage. This
controllability of the spin polarization of the current opens up
new avenues for future spintronic devices. Our calculated
results not only suggest that the ground magnetic ordering of
PSMO is the G-AFM state, but also enrich the study of orbital
ordering in rare-earth manganites. It is expected that more
meticulous experiments detecting the magnetic structure of
PSMO will validate our theoretical study and complete the
magnetic phase diagram of rare-earth manganites.
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