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Luttinger-compensated bipolarized magnetic semiconductor
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Altermagnetic materials, with real-space antiferromagnetic arrangement and reciprocal-space anisotropic spin
splitting, have attracted much attention. However, the spin splitting is small in most altermagnetic materials,
which is a disadvantage to their application in electronic devices. In this study, based on symmetry analysis and
the first-principles electronic structure calculations, we predict two Luttinger compensated bipolarized magnetic
semiconductors Mn(CN)2 and Co(CN)2 with s-wave spin splitting as in the ferromagnetic materials. Our further
analysis shows that the Luttinger compensated magnetism here depends not only on spin group symmetry, but
also on the crystal field splitting and the number of d-orbital electrons. In addition, the polarized charge density
indicates that both Mn(CN)2 and Co(CN)2 have the quasisymmetry Tτ , resulting from the crystal field splitting
and the number of d-orbital electrons. The Luttinger compensated magnetism not only has the zero total magnetic
moment as the antiferromagnetism, but also has the s-wave spin splitting as the ferromagnetism, thus our work
not only provides theoretical guidance for searching Luttinger compensated magnetic materials with distinctive
properties, but also provides a material basis for the application in spintronic devices.
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Introduction. Ferromagnetic (FM) semiconductors with
spintronic and transistor functionalities have strongly at-
tracted experimental and theoretical interest due to their
potential applications in next-generation electronic devices
[1–5]. However, ferromagnetic materials are usually more
likely to be metals than insulators. Although many ferro-
magnetic semiconductors have been proposed [6–11], their
magnetic transition temperatures are relatively low, which
hinders their application in electronic devices. In addition,
there are another two shortcomings. First, a key disadvan-
tage of ferromagnetic semiconductors is the effect of stray
fields due to nonzero net magnetic moments. Second, the
slow reversal of ferromagnetic domain is not conducive to the
improvement of device speed. Compared with ferromagnetic
materials, antiferromagnetic materials are usually insulators
very likely with high Néel temperatures, and may take the
advantages of feasible miniaturization due to zero total mag-
netic moments and fast domain reversal speed. An interesting
question is whether or not there are magnetic materials that
simultaneously share the respective excellent features of fer-
romagnetic semiconductors and antiferromagnetic insulators.

Recently, based on spin group theory, altermagnetism
distinct from ferromagnetism and conventional antiferromag-
netism has been proposed [12,13]. Interestingly, altermagnetic
materials may simultaneously share the respective excellent
features of ferromagnetic materials and antiferromagnetic
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materials but without their disadvantages. Thus, altermagnetic
materials show many novel physical properties [12–42]. In
altermagnetism, opposite spin lattices cannot be connected
by space-inversion symmetry {C2||I} or fractional translation
symmetry {C2||τ }, but by rotation or mirror symmetry {C2||R}.
Here, the symmetry operations at the left and right of the
double vertical bar act only on the spin space and lattice
space, respectively; the notation C2 represents the 180◦ rota-
tion perpendicular to the spin direction; the notations I, R, and
τ denote space inversion, rotation/mirror, and fractional trans-
lation operations, respectively. The spin symmetry {C2||R}
guarantees zero total magnetic moment, while the breaking
of the spin symmetry {C2||I} and {C2||τ } leads to altermag-
netic materials with anisotropic spin splitting, such as d-wave,
g-wave, and i-wave spin splitting. The anisotropic spin split-
ting in altermagnetic materials differs from the s-wave spin
splitting in ferromagnetic materials. It thus raises an interest-
ing question: does a magnetic phase exist that exhibits both
isotropic spin splitting and net zero total magnetic moment?

Inspired by the definition of altermagnetism, we consider
such a magnetic phase in which the opposite spin lattices
cannot be connected by any crystal symmetry, but the to-
tal magnetic moment in the unit cell is exactly zero. When
a material is an insulator or half-metal, the spin magnetic
moments per unit cell can have only integer value in Bohr
magnetons by Luttinger’s theorem [43,44]. Consequently, if
the total spin magnetic moment of the material is relatively
small, it will be exactly zero. Further, if the orbital mag-
netic moments of the material is simultaneously completely
quenched in the crystal field, its total magnetic moment
will be zero. This magnetic phase is named as Luttinger
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compensated magnetic phase [18]. Different from altermagen-
tic materials, the Luttinger compensated magnetic materials
have s-wave spin polarization, which is similar to ferromag-
netic materials and beneficial to improve the spin polarization
of carriers. Thus, the Luttinger compensated magnetism may
simultaneously also take the respective advantage of ferro-
magnetism and antiferromagnetism. Moreover, considering
that the Luttinger compensation magnetism generally has an
s-wave spin splitting and completely polarized carriers, it
may have more advantages than altermagnetism in electronic
device applications. Although a minority of materials have
been theoretically predicted to be of this type of compensated
magnetic materials [16,45–49], it is very important for the
research of Luttinger compensated magnetism to predict more
candidate materials.

In this study, we predict two Luttinger compensated bipo-
larized magnetic semiconductors Mn(CN)2 and Co(CN)2,
whose opposite spin lattices cannot be connected by any
crystal symmetry but with fully compensated total magnetic
moments. Moreover, the polarized charge density indicates
that both Mn(CN)2 and Co(CN)2 have the quasisymmetry
Tτ , resulting from the crystal field splitting and the number
of d-orbital electrons. Finally, we propose a scheme to search
for the Luttinger compensated magnetic materials.

Method. Our electronic structure calculations employed
the Vienna ab initio simulation package (VASP) [50] with the
projector augmented wave (PAW) method [51]. The Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional [52]
and the GGA plus on-site repulsion U method (GGA + U )
were used in our calculations [53,54]. The kinetic energy
cutoff was set to be 600 eV for the expanding of the wave
functions into a plane-wave basis and the energy conver-
gence criterion is 10−6 eV. The �-centered k mesh was set as
12 × 12 × 12. The crystal structures were fully relaxed until
the force on each atom is less than 0.01 eV/Å. The relaxed
lattice parameters were 6.04 Å and 5.75 Å for Co(CN)2 and
Mn(CN)2, respectively. The Monte Carlo simulations based
on the classical Heisenberg model were performed by using
the open source project MCSOLVER [55].

Results and discussion. Based on spin space symme-
try, collinear compensated magnetism can be divided into
three categories. The first category is conventional collinear
antiferromagnetism, where opposite spin sublattices are con-
nected by spin symmetry {C2||I} or {C2||τ }. Without spin-orbit
coupling (SOC), bands are always spin degenerate in con-
ventional collinear antiferromagnetic materials. When SOC is
considered, spin symmetries {C2||I} or {C2||τ } transform into
IT and T τ symmetries, respectively. Conventional collinear
antiferromagnetic materials with IT symmetry remain spin
degenerate, while those with T τ symmetry exhibit spin
splitting induced by SOC. The second category is alter-
magnetism, where opposite spin sublattices are connected
by spin symmetry {C2||R}. Altermagnetic materials exhibit
anisotropic spin splitting without SOC. With SOC, spin-
degenerate bands at high-symmetry planes or lines may split,
depending on the symmetry. The third category is Luttinger
compensated magnetism, where opposite spin sublattices can-
not be connected by any symmetry. Luttinger compensated
magnetic materials exhibit s-wave spin splitting without
SOC.

FIG. 1. The crystal structure and two typical magnetic structure
of M(CN)2. (a) and (b) are the crystal structure and Brillouin zone
(BZ) of M(CN)2. The red points represent high-symmetry points.
Two typical collinear magnetic configurations of M(CN)2: (c) the
FM state and (d) the AFM state. The red and blue arrows represent
the up and down spin moments, respectively.

For Luttinger compensated magnetic materials, the op-
posite spin sublattices need to have different crystal field
environments to guarantee that they cannot be connected
by any crystal symmetry. Here, we propose a cubic crystal
structure M (M = Mn and Co) (CN)2, in which two mag-
netic atoms M are surrounded by regular tetrahedra of C and
N [Fig. 1(a)], respectively. Therefore, M(CN)2 has P-43m
(215) space group symmetry without space-inversion symme-
try, and the corresponding point group symmetry is Td . The
Brillouin zone (BZ) of M(CN)2 with high-symmetry lines
and points is shown in Fig. 1(b). To determine the magnetic
structure of M(CN)2, we consider two magnetic structures:
ferromagnetic and antiferromagnetic, which are shown in
Figs. 1(c) and 1(d), respectively. We calculated the total en-
ergies of two magnetic structures for Mn(CN)2 and Co(CN)2

with the variation of Hubbard interaction U, which are shown
in Figs. 2(a) and 2(c), respectively. From Figs. 2(a) and 2(c),
the antiferromagnetic state is always stable under different
Hubbard interaction U for both Mn(CN)2 and Co(CN)2. On
the other hand, since the angle between M-CN-M is of 180°,
M-M favors antiferromagnetic coupling according to GKA
rules [56]. Therefore, the results of electronic structure cal-
culations and theoretical analysis are consistent.

Due to the absence of space-inversion symmetry, M(CN)2

has no {C2||I} symmetry. At the same time, M(CN)2 has no
{C2||τ } symmetry due to the presence of C and N atoms in
crystal cell. So both Mn(CN)2 and Co(CN)2 are not conven-
tional collinear antiferromagnetic materials. Although the Td

group has 24 symmetric operations including E, 8C3, 3C2,
6σd , and 6S4, none of them can connect the spin opposite
magnetic atoms M in M(CN)2. Therefore, both Mn(CN)2

and Co(CN)2 are not altermagnetic materials either, but may
be Luttinger compensated magnetic materials. On the other
hand, we also calculated the phonon spectra of Mn(CN)2

and Co(CN)2, which are shown in Figs. 2(b) and 2(d),
respectively, to check their dynamical stability. From Figs.
2(b) and 2(d), neither Mn(CN)2 nor Co(CN)2 has imaginary
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FIG. 2. Relative energy of different magnetic structures with variation of Hubbard interaction U and phonon spectra for M(CN)2. (a) and
(c) are relative energies of AFM state with respect to the FM state for Mn(CN)2 and Co(CN)2, respectively. (b) and (d) are the phonon spectrum
of Mn(CN)2 and Co(CN)2, respectively.

frequencies in their phonon spectra. Thus, Mn(CN)2 and
Co(CN)2 are dynamically stable.

After verifying the structural stability and magnetic struc-
ture, we next study the electronic properties of Mn(CN)2 and
Co(CN)2. Without spin-orbit coupling (SOC), both Mn(CN)2

and Co(CN)2 are semiconductors with bandgaps to be 3.89 eV
and 2.4 eV as shown in Figs. 3(a) and 3(b), respectively.
Different from altermagnetic materials, their spin-up and spin-
down bands are completely split, and the spin splitting of
conduction bands for both Mn(CN)2 and Co(CN)2 is greater
than 500 meV [Figs. 3(a) and 3(b)]. This is because atoms
with opposite magnetic moments cannot be connected by
any symmetry. But, the total magnetic moments of both
Mn(CN)2 and Co(CN)2 are zero, which is the same as those
of altermagnetic and conventional collinear antiferromagnetic
materials. Interestingly, the highest occupied valence band
and the lowest unoccupied conduction band have opposite
spin polarizations for both Mn(CN)2 and Co(CN)2 [Figs. 3(a)
and 3(b)], thus both Mn(CN)2 and Co(CN)2 are bipolarized
magnetic semiconductors.

On the other hand, the magnetic transition temperature
is very important for the application of magnetic materi-
als. We estimated the magnetic transition temperatures TN

of Mn(CN)2 and Co(CN)2 from the classical Monte Carlo
simulations based on the three-dimensional lattice Heisenberg
model. The Hamiltonian is shown as follows:

H = J1

∑

i, j

Si · S j, (1)

where Si represents the spin of Co or Mn on site i and
J1 denotes the first-nearest neighbor exchange interaction

parameters. The exchange interaction parameters were de-
rived from mapping the energies of the FM and AFM
magnetic configurations to the above model. The results are
J1S2 = 3.10 and 8.75 meV for Co(CN)2 and Mn(CN)2, re-
spectively. Then, the magnetic transition temperatures can be
extracted from the peak of the specific-heat capacity based on
the Monte Carlo simulations. As shown in Figs. 4(a) and 4(b),
the resultant magnetic transition temperatures for Mn(CN)2

and Co(CN)2 are 210 K and 75 K, respectively.
An important question is why both Mn(CN)2 and Co(CN)2

have exactly zero total magnetic moments. The question may
be answered by the following three points. First, in the crystal
of M(CN)2, the Mn+2 and Co+2 ions are located in the regular
tetrahedral crystal field. Therefore, the 3d orbits will split into
Eg and T2g orbits, and the Eg orbits has lower energy than the
T2g orbits as shown in Fig. 4(c). The Mn+2 and Co+2 ions
have five and seven d electrons, respectively. In the high-spin
state, the orbital magnetic moments of both Mn+2 and Co+2

ions are completely quenched and the magnetic moments can
only arise from spin moments. Second, both Mn(CN)2 and
Co(CN)2 are insulators, which requires that they can have
only an integer spin magnetic moment in Bohr magnetons
per unit cell by Luttinger’s theorem [43,44]. Finally, the op-
posite spin magnetic moments on Mn+2 (Co+2) in Mn(CN)2

[Co(CN)2] are almost equal in size, then the total spin mag-
netic moment in the unit cell should be very samll and it
will then be exactly zero due to the constraint of Luttinger’s
theorem [43,44]. On the other hand, we also calculated the po-
larized charge densities of Mn(CN)2 and Co(CN)2, which are
shown in Figs. 3(b) and 3(d), respectively. From Figs. 3(b) and
3(d), the polarized charge density distribution of two Mn+2
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FIG. 3. The electronic band structure and polarized charge density of M(CN)2. (a) and (c) are the electronic band structures of Mn(CN)2

and Co(CN)2 along the high-symmetry directions, respectively. The red and blue lines represent spin-up and spin-down channels, respectively.
The polarized charge density of Mn(CN)2 (b) and Co(CN)2 (d). The red and blue three-dimensional surface represent, respectively, spin-up
and spin-down polarized charge density. The τ represents (1/2, 1/2, 1/2) fractional translation. The electronic structure and polarized charge
density are calculated with U = 4 eV.

FIG. 4. The magnetic transition temperatures and schematic diagram of crystal field splitting of M(CN)2. (a) and (b) are evolution of
specific heat capacity with temperature of Mn(CN)2 and Co(CN)2, respectively. (c) and (d) are the splitting schematics of d orbitals in
tetrahedral and octahedral crystal fields, respectively. The magnetic transition temperatures are calculated under correlation interaction U =
4 eV.
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or Co+2 with opposite magnetic moments are approximately
equal, only the spins are opposite. Therefore, although both
Mn(CN)2 and Co(CN)2 do not have crystal symmetry Tτ ,
they have symmetry Tτ at the charge density level. We call
the Tτ quasisymmetry, which can make net magnetic moment
zero.

Considering another case, in Ti(CN)2, two 3d electrons
of Ti+2 ions fill exactly the low energy Eg orbit, resulting
in completely quenched orbital moments. Ti(CN)2 is thus an
insulator, and is also a Luttinger compensated magnetic ma-
terial. It also has quasisymmetry Tτ , which is proved by our
calculations. Unfortunately, the phonon spectrum of Ti(CN)2

has imaginary frequencies, which makes Ti(CN)2 unstable.
If the Eg orbital or T2g orbital is partially filled, the orbital
moments of d electrons will not be completely quenched
and the materials should be metallic. By calculating V(CN)2,
Cr(CN)2, Fe(CN)2, and Ni(CN)2, we find that the total mag-
netic moments of these magnetic materials is not exactly zero.
For octahedral crystal field, the 3d orbits are also split into Eg

and T2g orbits, but the Eg orbit is higher in energy than the T2g

orbit as shown in Fig. 4(d). Then, the d electrons must be 3, 5,
and 8 to guarantee the completely quenched orbital moments
for high-spin states, in addition to satisfying the last two of the
above three points, so that the material could be a Luttinger
compensated magnet. Similarly, our analysis results can be
also generalized to the materials containing 4 f atoms. In a
word, the Luttinger compensated magnets need to satisfy two
conditions: (i) The d orbital electrons of magnetic ions fully
fill the eg and t2g orbitals for tetrahedral and octahedral crystal
fields, so that the corresponding magnetic materials have an
equal number of valence electrons with opposite polarization,
resulting in a total spin magnetic moment of zero; (ii) The
magnetic ions are in a high-spin state to quench the orbital
magnetic moment.

Luttinger compensated bipolarized magnetic semiconduc-
tors hold potential advantages for applications in spintronic
devices. For example, since its conduction and valence bands
exhibit opposite spin polarizations, the application of opposite
gate voltages can modulate the distinct spin polarizations in
Co(CN)2 and Mn(CN)2, enabling the switching of the cur-

rent between “on” and “off” states. This corresponds to the
realization of a spin field-effect transistor. Moreover, spin-
polarized electrons can also be electrically injected into
nonmagnetic semiconductors to achieve the transmission of
spin information. Although both Mn(CN)2 and Co(CN)2 are
Luttinger compensated bipolarized magnetic semiconductors,
their Néel temperatures are below room temperature. Inter-
estingly, the Néel temperature of Mn(CN)2 can increase to
500 K under 2% compressive strain. Therefore, in the future,
we need to find Luttinger compensated magnetic materials
with feasible properties, such as the transition temperature
above the room temperature, the energy gap being in the
semiconductor range, and the materials being nontoxicity.

In summary, based on symmetry analysis and the first-
principles electronic structure calculations, we propose a class
of Luttinger compensated bipolarized magnetic materials with
quasisymmetry Tτ , represented by Mn(CN)2 and Co(CN)2.
The full compensation (or exactly zero total magnetic mo-
ments) arise from the completely quenched orbital magnetic
moments, the insulativity of materials, and the subsequent
requirement that the spin magnetic moments per unit cell
must be integer Bohr magnetons by the Luttinger theorem.
Considering that the Luttinger compensated magnetic mate-
rials take the advantages of both ferromagnetic spin splitting
and antiferromagnetic zero total magnetic moments, our work
not only enriches the classification of magnetic materials,
but also provides possibilities for applications in electronic
devices.
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K. Geishendorf, Z. Šobáň, G. Springholz, K. Olejník, L.
Šmejkal, J. Sinova, T. Jungwirth, S. T. B. Goennenwein, A.
Thomas, H. Reichlová, J. Železný, and D. Kriegner, Sponta-
neous anomalous Hall effect arising from an unconventional
compensated magnetic phase in a semiconductor, Phys. Rev.
Lett. 130, 036702 (2023).

[31] X.-Y. Hou, H.-C. Yang, Z.-X. Liu, P.-J. Guo, and Z.-Y. Lu,
Large intrinsic anomalous Hall effect in both Nb2FeB2 and
Ta2FeB2 with collinear antiferromagnetism, Phys. Rev. B 107,
L161109 (2023).

[32] X. Zhou, W. Feng, X. Yang, G.-Y. Guo, and Y. Yao, Crystal
chirality magneto-optical effects in collinear antiferromagnets,
Phys. Rev. B 104, 024401 (2021).

[33] X. Zhou, W. Feng, R.-W. Zhang, L. Šmejkal, J. Sinova, Y.
Mokrousov, and Y. Yao, Crystal thermal transport in altermag-
netic RuO2, Phys. Rev. Lett. 132, 056701 (2024).

[34] Y.-X. Li, Y. Liu, and C.-C. Liu, Creation and manipulation of
higher-order topological states by altermagnets, Phys. Rev. B
109, L201109 (2024).

[35] Y.-X. Li and C.-C. Liu, Majorana corner modes and tunable
patterns in an altermagnet heterostructure, Phys. Rev. B 108,
205410 (2023).

[36] P.-J. Guo, Y. Gu, Z.-F. Gao, and Z.-Y. Lu, Altermagnetic fer-
roelectric LiFe2F6 and spin-triplet excitonic insulator phase,
arXiv:2312.13911.

[37] S. Qu, Z.-F. Gao, H. Sun, K. Liu, P.-J. Guo, and Z.-Y. Lu,
Extremely strong spin-orbit coupling effect in light element
altermagnetic materials, Front. Phys. 21, 045203 (2025).

[38] C.-Y. Tan, Z.-F. Gao, H.-C. Yang, K. Liu, P.-J. Guo, and
Z.-Y. Lu, Bipolarized Weyl semimetals and quantum crystal
valley Hall effect in two-dimensional altermagnetic materials,
arXiv:2406.16603.

[39] C.-Y. Tan, Z.-F. Gao, H.-C. Yang, Z.-X. Liu, K. Liu, P.-J. Guo,
and Z.-Y. Lu, Crystal valley Hall effect, Phys. Rev. B 111,
094411 (2025).

[40] Z. Xiao, J. Zhao, Y. Li, R. Shindou, and Z.-D. Song, Spin space
groups: Full classification and applications, Phys. Rev. X 14,
031037 (2024).

[41] X. Chen, J. Ren, Y. Zhu, Y. Yu, A. Zhang, P. Liu, J. Li, Y. Liu, C.
Li, and Q. Liu, Enumeration and representation theory of spin
space groups, Phys. Rev. X 14, 031038 (2024).

[42] Z.-F. Gao, S. Qu, B.-C. Zeng, Y. Liu, J.-R. Wen, H. Sun, P.-J.
Guo, and Z.-Y. Lu, AI-accelerated discovery of altermagnetic
materials, Natl. Sci. Rev. 12, nwaf066 (2025).

[43] J. M. Luttinger and J. C. Ward, Ground-state energy of a many-
fermion system, Phys. Rev. 118, 1417 (1960).

[44] J. M. Luttinger, Fermi surface and some simple equilibrium
properties of a system of interacting fermions, Phys. Rev. 119,
1153 (1960).

[45] H. van Leuken and R. A. de Groot, Half-metallic antiferromag-
nets, Phys. Rev. Lett. 74, 1171 (1995).

L180405-6

https://doi.org/10.1039/C7TC02664A
https://doi.org/10.1103/PhysRevResearch.2.013002
https://doi.org/10.1103/PhysRevX.12.040501
https://doi.org/10.1103/PhysRevX.12.031042
https://doi.org/10.7566/JPSJ.88.123702
https://doi.org/10.1126/sciadv.aaz8809
https://doi.org/10.1103/PhysRevB.102.014422
https://doi.org/10.1073/pnas.2108924118
https://doi.org/10.1103/PhysRevX.12.040002
https://doi.org/10.1038/s41524-023-01025-4
https://doi.org/10.1103/PhysRevLett.126.127701
https://doi.org/10.1103/PhysRevLett.128.197202
https://doi.org/10.1103/PhysRevLett.129.137201
https://doi.org/10.1038/s41928-022-00744-8
https://doi.org/10.1103/PhysRevX.12.011028
https://doi.org/10.1103/PhysRevLett.133.056401
https://doi.org/10.1038/s41467-021-26915-3
https://doi.org/10.1103/PhysRevB.108.184505
https://doi.org/10.1038/s41578-022-00430-3
https://doi.org/10.1038/s41928-022-00866-z
https://doi.org/10.1103/PhysRevLett.130.036702
https://doi.org/10.1103/PhysRevB.107.L161109
https://doi.org/10.1103/PhysRevB.104.024401
https://doi.org/10.1103/PhysRevLett.132.056701
https://doi.org/10.1103/PhysRevB.109.L201109
https://doi.org/10.1103/PhysRevB.108.205410
https://arxiv.org/abs/2312.13911
https://doi.org/10.15302/frontphys.2026.045203
https://arxiv.org/abs/2406.16603
https://doi.org/10.1103/PhysRevB.111.094411
https://doi.org/10.1103/PhysRevX.14.031037
https://doi.org/10.1103/PhysRevX.14.031038
https://doi.org/10.1093/nsr/nwaf066
https://doi.org/10.1103/PhysRev.118.1417
https://doi.org/10.1103/PhysRev.119.1153
https://doi.org/10.1103/PhysRevLett.74.1171


LUTTINGER-COMPENSATED BIPOLARIZED MAGNETIC … PHYSICAL REVIEW B 112, L180405 (2025)

[46] S. Wurmehl, H. C. Kandpal, G. H. Fecher, and C.
Felser, Valence electron rules for prediction of half-metallic
compensated-ferrimagnetic behavior of heusler compounds
with complete spin polarization, J. Phys.: Condens. Matter 18,
6171 (2006).

[47] T. Kawamura, K. Yoshimi, K. Hashimoto, A. Kobayashi, and T.
Misawa, Compensated ferrimagnets with colossal spin splitting
in organic compounds, Phys. Rev. Lett. 132, 156502 (2024).

[48] L.-D. Yuan, A. B. Georgescu, and J. M. Rondinelli, Nonrela-
tivistic spin splitting at the Brillouin zone center in compensated
magnets, Phys. Rev. Lett. 133, 216701 (2024).

[49] Y. Liu, S.-D. Guo, Y. Li, and C.-C. Liu, Two-dimensional fully
compensated ferrimagnetism, Phys. Rev. Lett. 134, 116703
(2025).

[50] G. Kresse and J. Furthmüller, Efficiency of ab-initio total
energy calculations for metals and semiconductors using a
plane-wave basis set, Comput. Mater. Sci. 6, 15 (1996).

[51] P. E. Blöchl, Projector augmented-wave method, Phys. Rev. B
50, 17953 (1994).

[52] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized gra-
dient approximation made simple, Phys. Rev. Lett. 77, 3865
(1996).

[53] V. I. Anisimov, J. Zaanen, and O. K. Andersen, Band theory and
mott insulators: Hubbard U instead of stoner I, Phys. Rev. B 44,
943 (1991).

[54] S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys,
and A. P. Sutton, Electron-energy-loss spectra and the structural
stability of nickel oxide: An LSDA+U study, Phys. Rev. B 57,
1505 (1998).

[55] L. Liu, X. Ren, J. H. Xie, B. Cheng, W. K. Liu, T. Y. An, H. W.
Qin, and J. F. Hu, Magnetic switches via electric field in BN
nanoribbons, Appl. Surf. Sci. 480, 300 (2019).

[56] J. B. Goodenough, Magnetism and the Chemical Bond (Inter-
science Publishers, New York, 1963).

L180405-7

https://doi.org/10.1088/0953-8984/18/27/001
https://doi.org/10.1103/PhysRevLett.132.156502
https://doi.org/10.1103/PhysRevLett.133.216701
https://doi.org/10.1103/PhysRevLett.134.116703
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.44.943
https://doi.org/10.1103/PhysRevB.57.1505
https://doi.org/10.1016/j.apsusc.2019.02.203

