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Unconventional magnetism including altermagnetism and unconventional compensated mag-
netism, characterized by its duality of real-space antiferromagnetic alignment and momentum-space
spin splitting, has garnered widespread attention. While altermagnetism has been extensively stud-
ied, research on unconventional compensated magnetism remains very rare. In particular, uncon-
ventional compensated magnetic materials are only theoretically predicted and have not yet been
synthesized experimentally. In this study, based on symmetry analysis and the first-principles elec-
tronic structure calculations, we predict that LaMnsSbOg is a unconventional compensated magnetic
semiconductor. Given that the Mn ions at opposite spin lattice cannot be connected by any symme-
try, the spin splitting in LaMn2SbOg is isotropic. More importantly, LaMn2SbOsg has already been
synthesized experimentally, and its magnetic structure has been confirmed by neutron scattering
experiments. Therefore, LaMn2SbOg serves as an excellent material platform for investigating the
novel physical properties of unconventional compensated magnetic materials.

Introduction. Conventionally, magnetism is usually di-
vided into two major categories: ferromagnetism and
antiferromagnetism. Ferromagnetic materials have non-
relativistic spin-polarized splitting electronic band struc-
tures due to breaking time-reversal symmetry (7') and
have been used widely in spintronic devices. However,
the devices based on ferromagnetic materials experience
several shortcomings: (i) they are easily affected by the
external magnetic field and temperature, (ii) the infor-
mation storage density is low, and (iii) the device speed
is relatively slow (GHz magnitude). In contrast, the in-
formation storage density of antiferromagnetic materials
can reach the atomic level, and the device speed based
on antiferromagnetic materials can be up to THz range.
However, the spin polarization of antiferromagnetism is
negligible because of its zero net magnetic moment, which
means that antiferromagnetism is inefficient in generat-
ing and transmitting spin polarized currents, which is not
conducive to the performance improvement of spintronic
devices. The desirable materials for next generation spin-
tronic devices should take the advantages of both ferro-
magentic and antiferromanetic materials.

Recently, altermagnetism, as a newly discovered third
type of magnetism, has attracted a great deal of attention
in the field of magnetism|[1-4]. In altermagnetic materi-
als, the opposite spin sublattices cannot be connected by
space-inversion symmetry and fractional translation sym-
metry, but by rotation or mirror symmetry. Altermagnet
has time-reversal symmetry-breaking responses and spin
polarization phenomena, such as the giant magnetore-
sistance (GMR) effect[5, 6], the anomalous Hall effect
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(AHE)[7], the quantum anomalous Hall effect (QHE)[S],
and so on. Moreover, several altermagnetic materials
have been confirmed experimentally[9, 10].

Although altermagnetism has the advantages of both
ferromagnetism and antiferromagnetism, it has to be ad-
mitted that because the crystal field anisotropy of mag-
netic atoms with opposite spins is weak in the major-
ity of altermagnetic materials, the spin splitting is cor-
respondingly small[11], which brings difficulties to prac-
tical applications. This motivates the search for uncon-
ventional compensated magnetic materials. In unconven-
tional compensated magnetism, two opposite spin sublat-
tices cannot be connected by any symmetry operation,
resulting in isotropic spin splitting just like ferromag-
netism, but the net magnetic moment is still zero just like
antiferromagnetism according to Luttinger’s theorem[12—-
14]. Although several unconventional compensated mag-
netic materials have been theoretically predicted, none of
these materials have been synthesized experimentally|[15—
20].

In this study, based on symmetry analysis and the
first-principles electronic band structure calculations ,
we predicted LaMnySbOg is a unconventional compen-
sated magnetic semiconductor. Due to the absence of
any symmetry connecting the Mn atoms with oppo-
site magnetic moments, LaMnsSbOg exhibits isotropic
s-wave spin splitting. Moreover, under spin-orbit cou-
pling (SOC), the top of valence bands of LaMnySbOg still
largely maintain complete spin polarization. The Néel
temperature of LaMnsSbQOg is estimated to be around
50 K by Monte Carlo simulation.

Computational method. The structural optimization
and electronic structure calculation of LaMnsSbOg were
studied in the framework of density functional theory
(DFT) [21-23] by using the Vienna Ab initio Simula-
tion Package (VASP) [24-26]. The core electrons as well
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as the interaction between the core and valence electrons
were described by using the projector augmented-wave
method [27]. The generalized gradient approximation
(GGA) of Perdew-Burke-Ernzerhof (PBE) [28] type was
adopted as the exchange-correlation functional, using an
energy cut-off of 600 eV for the plane waves. A6 X 6 x 6
Monkhorst-Pack k mesh was used for the Brillouin zone
(BZ) sampling of the unit cell. The internal atomic posi-
tions were fully relaxed until the forces on all atoms were
smaller than 0.01 eV/A. In order to take into account
the correlation effects of Mn 3d orbitals, we carried out
GGA+U [29] calculations employing the simplified ro-
tationally invariant version proposed by Dudarev et al.
[30]. The onsite effective Uy value of Mn 3d electrons
in LaMnsSbOg was choose as 3.8 eV. The Monte Carlo
simulations based on the classical Heisenberg model were
conducted by making use of the open source project MC-
SOLVER ([31].
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FIG. 1. Schematic diagrams of the three types of compensated
magnetism. (a) antiferromagnetism, (b) altermagnetism, (c)
unconventional compensated magnetism. The upper, middle,
and lower panels in (a), (b), and (c) represent the polarized
charge density, band structure, and Fermi surface, respec-
tively. The red and green represent spin-up and spin-down
channels, respectively.

Results. Based on spin group symmetry, collinear
compensated magnetism can be classified into three cat-
egories as shown in Fig. 1. The first category is
conventional collinear antiferromagnetism, whose sub-
lattices with opposite spin moments are connected by
{Cs||I} or {Cs||7} spin symmetry (Fig. 1(a)), where I
and T represent space-inversion and fractional transla-
tion operations, respectively. These symmetries enforce
Kramers degeneracy throughout the entire BZ, thus con-
ventional collinear antiferromagnetic materials have spin-
degenerate electronic bands without spin-orbit coupling
(SOC) as shown in Fig. 1(a). The second category is
altermagnetism. In altermagnetism, the sublattices with
opposite spin moments cannot be connected by {C2||I}
and {Cs||7} spin symmetry but by {Cs||R} or mirror
{C2||M} spin symmetries (Fig. 1(b)), which guarantees
zero total magnetic moment. The breaking of {Cs||T}

and {Cs||7} lifts Kramers degeneracy, leading to band
structure with anisotropic spin splitting without SOC
(Fig. 1(b)). The third category is the unconventional
compensated magnetism, where the opposite spin sub-
lattices are not connected by any symmetry (Fig. 1(c)).
Therefore, the electronic band structure is isotropic s-
wave spin splitting without SOC (Fig. 1(c)). Compared
to altermagnetism, unconventional compensated mag-
netism has not yet been experimentally confirmed. Here,
we aim to predict unconventional compensated magnetic
materials among the materials that have already been
synthesized.

LaMnySbOg has been reported as a doubly ordered
perovskite structure (also reported as double-double per-
ovskite, DDPv) with space group P4s/n (No. 86). The
elementary symmetry operations of the P4s/n space
group are Cy.(3,3,3) and I(3,1,3), resulting in the
point group Cyp,. A schematic diagram of the unit cell is
shown in Fig. 2(a), which combines the columnar (Mn
and La atoms) and rock-salt (Mn and Sb atoms) orders of
1:1 cations, respectively. The corresponding BZ together
with the high-symmetry points and high-symmetry lines
are shown in Fig. 2(b).

In LaMnySbOg, the Mn atoms are respectively lo-
cated in octahedral, tetrahedral, and square planar crys-
tal fields, which are correspondingly labeled as A, B, and
C as shown in Fig. 2(c). Due to the complexity of the
atomic structure of LaMnsSbOg, we considered ten mag-
netic configurations to check the magnetic ground state
of LaMnySbOg as shown in Fig. 2(c) - 2(1). Our calcula-
tions show that the total energy of the AFM1 magnetic
state is always the lowest among the ten magnetic con-
figurations with the variation of correlation interaction
(Fig. 3(a)). Therefore, the AFM1 state is the magnetic
ground state of LaMnsSbOg, which is consistent with the
results of neutron scattering experiment [32, 33]. The
AFM1 state is intra-layer ferromagnetic and inter-layer
antiferromagnetic (Fig. 2(c)) and the magnetic primitive
cell for AFMI1 state is the same as the crystal primitive
cell. So LaMnySbOg has no {Cs||7} symmetry. Further-
more, our symmetry analysis reveals that all symmetry
operations in the nonsymmorphic Cyj, point group can
only connect the Mn ions with the same spin moments
for LaMnsSbOg. Thus, the Mn ions with opposite spin
moments can not be connected by any symmetry. There-
fore, LaMnySbOg may be a unconventional compensated
magnetic material.

On the other hand, the magnetic transition tempera-
ture is a very important feature for magnetic materials.
To estimate the Néel temperature of LaMnsSbQOg, we
begin by considering a classical Heisenberg model that
includes the first- and second-nearest-neighbor exchange
interactions as a try. The exchange interaction parame-
ters J; and Jo can be obtained by mapping the energies
of three distinct magnetic structures onto the tentative
Heisenberg model. Specifically, we select the ground-
state AFM1 configuration along with any two of AFMZ2,
AFM3, AFM5, and AFM6. These four magnetic con-
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FIG. 2. (a) Nonmagnetic crystal structure of LaMn2SbOg. (b) The corresponding bulk Brillouin zone, the high-symmetry
points and paths are marked by red dots and lines. (c-k) nine trial AFM configurations. (1) FM configuration.

figurations closely resemble the ground state magnetic
configuration AFM1. Our calculations reveal that the
magnitude of J; is approximately two orders larger than
that of Jo. Thus, Js is negligible, we adopt a first-nearest-
neighbour 3D cubic lattice classical Heisenberg model :

H=-J Y S (1)

<i,j>

where S;(j) represents the spin of Mn?* ion on site i(j). J;
denote the first-nearest exchange interaction parameter
between Mn(a) and Mn(b). Mapping the energies of the
ground state magnetic configuration AFM1 and AFM6
onto the above Heisenberg model yields J;S2. The val-
ues of J;S? for different U values are presented in Table
1. As illustrated in Figure 3(c), the Néel temperature
of LaMnySbOg can be extracted from the peak of the
specific-heat capacity based on the Monte Carlo simula-
tions. When U=3.8 eV, the simulated Néel temperature
is 48.99 K, which closely aligns with the experimental
value (~ 48 K)[32].

Next, we study the electronic properties of
LaMnySbOg with the correlation interaction U set
at 3.8 eV. Without SOC, LaMnySbOg is a direct
bandgap semiconductor with bandgap being 1.57 eV,
and its spin-up and spin-down bands are completely
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FIG. 3. (a) Relative energies of eight trial AFM and the FM
states with respect to the AFM1 state at different U values.
(b) The blue lines represent the first- earest neighbors. (c)
The evolution of specific heat capacity with temperature of
LaMHQSbOG.

split. This is due to the absence of any symmetry
connecting Mn ions with opposite magnetic moments.
From Fig. 4(a), the valence bands of LaMnySbOg
exhibit significant spin splitting, while the conduc-
tion bands show relatively smaller spin splitting. We
speculate that the valence bands of LaMnySbOg are
primarily contributed by the 3d orbitals of Mn atoms,
while the conduction bands are mainly contributed by
non-magnetic atoms. To confirm this, we plotted the
band structure of LaMnySbOg with orbital weights as
shown in Fig. 4(b). From Fig. 4(b) the valence bands



TABLE I. The values of J;S? at different U values.

U (eV) 0 1 2

3 4 5 6 7

J157 (K) -145.71 -110.91 -87.00

-69.99

57.46 -47.43 -39.89 -33.63

of LaMnySbOg are indeed mainly contributed by the 3d
orbitals of Mn, while the conduction bands are primarily
contributed by Sb atoms. On the other hand, we also
calculated the polarized charge density distribution of
LaMnsSbOg. Although the Mn atoms are respectively in
octahedral, tetrahedral, and square planar crystal fields
of O atoms, the polarized charge densities of all Mn ions
are approximately spherical, which reflects that all Mn
are half filled and in high-spin state. The calculated
magnetic moment on every Mn is about 4.6 uB, indicat-
ing strong Hund’s interactions among Mn 3d electrons.
Therefore, the orbital magnetic moments are quenched
well in LaMnySbOg. Additionally, since LaMnySbOg is
a semiconductor with identical electrons for spin-up and
spin-down, its total spin magnetic moment should be
zero according to the Luttinger theorem[12-14]. Thus,
LaMnsSbOg is a unconventional compensated magnetic
material with robust zero net magnetic moment.

FIG. 4. (a) The electronic band structure without SOC at
Uerr = 3.8 €V. (b) The corresponding fat band without SOC.
(¢) The spin-polarized density for spin-up (red) and spin-dn
(blue). (d) The electronic band structure with SOC at Ueyy
= 3.8 eV.

When SOC is taken into account, the calculations of
magnetic anisotropy indicate that the easy magnetization
axis of LaMnsSbQg is along the y-axis, which is consis-
tent with experiments[32]. Therefore, the spin expecta-
tion values of the bands are dominated by S,, while S,
and S, are small. Then, we have plotted the band struc-
ture with S, projections as shown in Fig. 4(d). Although
SOC does not lead to significant changes for the bands,
it does cause noticeable alterations for polarization of
bands. From Fig. 4(d), the spin polarization of the bot-
tom of conduction bands has changed significantly, which

is attributed to the fact that these conduction bands
are primarily contributed by the Sb atomic orbitals with
strong SOC. In contrast, the valence bands, which are
mainly contributed by the 3d orbitals of Mn atoms with
weak SOC, still largely maintain complete spin polariza-
tion. In addition, our calculations also show that the
magnetic moment of LaMnaSbOg with spin-orbit cou-
pling is negligible, only 0.001 Bohr magneton.

Although the bands at the I'" point and the A point
have opposite spin polarizations, the bands near the A
point are lower than those at the I' point by 90 meV
(Fig. 4(d)). Since doping in semiconductors is very low,
only the spin-down holes at the I' point contribute to the
polarized current. Therefore, LaMnySbOg will not only
retain its semiconducting properties but also generate a
net spin current. Moreover, LaMnySbOg can avoid the
disadvantage of stray fields caused by non-zero magnetic
moments in ferromagnetic semiconductors. Therefore,
LaMnsSbOg may be very advantageous for the research
of new electronic devices.

Summary. Based on symmetry analysis and the
first-principles electronic structure calculations, we have
systematically investigated the magnetic and electronic
properties of LaMnsSbOg. The calculated ground state
magnetic structure is consistent with the results of neu-
tron scattering experiments, and the electronic struc-
ture calculations show that LaMn,SbQOg is a uncon-
ventional compensated magnetic semiconductor with a
1.57 eV band gap. Due to the absence of any sym-
metry connecting Mn atoms with opposite magnetic
moments, LaMnySbOg exhibits isotropic s-wave spin
splitting. Moreover, under SOC, the valence bands of
LaMnsSbOg still largely maintain complete spin polar-
ization. LaMnsSbOg is an excellent material platform
for studying the novel physical properties of unconven-
tional compensated magnetism.
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