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Origin of A-type antiferromagnetism and chiral split magnons in altermagnetic α-MnTe
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The origin of the A-type antiferromagnetic ordering, characterized by ferromagnetic layers coupling anti-
ferromagnetically, in the prototype semiconductor altermagnet α-MnTe, has been a topic of ongoing debate.
Experimentally, α-MnTe exhibits an in-plane ferromagnetic exchange interaction, whereas previous ab initio
calculations predicted an antiferromagnetic interaction. In this paper, we resolve this discrepancy by considering
an expanded set of magnetic configurations, which reveals a ferromagnetic in-plane exchange interaction in
agreement with experimental findings. Additionally, we demonstrate that the tenth nearest-neighbor exchange
interaction is directionally dependent, inducing a nonrelativistic chiral splitting in the magnon bands, as recently
observed experimentally. We further show that applying a compressive strain may significantly enhance both
nonrelativistic spin and chiral magnon splittings. The strain can also change the sign of the in-plane exchange
interaction. Computing magnetic susceptibility, we show that strain enhances the Néel temperature, significantly.
Our results highlight the critical importance of convergence in the number of magnetic configurations for spin
interactions in antiferromagnetic materials.
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I. INTRODUCTION

Antiferromagnetic (AFM) interactions give rise to a di-
verse range of AFM classes, ranging from different collinear
structures to various exotic noncollinear and frustrated struc-
tures [1–3]. A class of collinear AFM systems, in which
combined inversion or translation and time-reversal symme-
try (IT or tT ) is broken while combined crystal-rotation
and time-reversal symmetry are retained, has recently been
identified in various AFM materials, both theoretically [4–28]
and experimentally [29–35]. These properties lead to the
preservation of band degeneracy in the center of the
Brillouin zone while removing the Kramers degeneracy in
certain regions of the magnetic Brillouin zone. This class of
nonrelativistic spin-split collinear AFM materials has been
termed altermagnetism. Therefore, in altermagnets, despite
the absence of net magnetization, the electronic (magnonic)
band structures display direction-dependent spin (chiral) split-
ting. Altermagnets generally belong to a broader class of
nonrelativistic spin-split collinear AFM systems, which also
include AFM half metals, where the band degeneracy can
even be broken at the center of the Brillouin zone [36–39].

α-MnTe is a near-room-temperature, centrosymmetric cor-
related AFM semiconductor with a hexagonal NiAs-type
crystal structure [40–42], recently identified experimentally
as a candidate for g-wave altermagnetism [29–31,43,44]. This
material exhibits pronounced magnetostrictive and piezomag-
netic properties [45,46]. The nearest-neighbor (NN) Mn-Mn
bond is along the interlayer direction, while the second
NN is the in-plane bond; see Fig. 1(a). Experimentally, it
was shown that the system has an A-type AFM structure

[40,47–49], with an in-plane ferromagnetic (FM) exchange
interaction J2 > 0 [47,49]. In contrast, density functional the-
ory (DFT) calculations found an AFM exchange interaction
J2 < 0 [50–52], which can induce magnetic frustrations.
However, they proposed that stabilization of the A-type AFM
order in this material relies on the presence of a strong third
NN interlayer AFM exchange interaction J3 < 0.

In another achievement, a recent inelastic neutron scatter-
ing experiment has measured chiral splitting of the magnon
bands in this material [49]. Thus, α-MnTe shows alter-
magnetic properties in both electronic and magnonic band
structures.

In this paper, using ab initio calculations to compute the
total energy, we resolve the previous discrepancy between
DFT and experimental results. Our main finding, summa-
rized in Fig. 1(b), shows that to find the correct sign for
the in-plane exchange coupling J2, one needs to take into
account the sufficient number of magnetic configurations.
Therefore, J2 is responsible for A-type AFM order in this
material. In addition, we demonstrate that the tenth NN
spin exchange interaction exhibits direction dependence, re-
sulting in a nonrelativistic chiral splitting of the magnon
dispersion in this material. Furthermore, we demonstrate
that applying compressive strain enhances both spin split
electronic bands and chiral split magnon bands. By com-
bining DFT and atomistic spin dynamics simulations, we
demonstrate that applied pressure reverses the sign of J2;
however, the magnetic ground state retains its collinear A-type
AFM order, providing an avenue for controlling magnetic
interactions.
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(a) (b)

FIG. 1. (a) Crystal structure of α-MnTe. We present several important spin exchange interactions: the tenth NN interactions (J10,a and
J10,b) that lead to altermagnetism, as well as first NN J1 and and second NN J2 that lead to A-type AFM order. Large purple spheres represent
Mn atoms and small cyan spheres represent Te atoms. (b) Second NN normalized Heisenberg exchange interaction J2, plotted against the
number of magnetic configurations, starting from 18. Initially, J2 is negative (AFM), but it transitions to positive (FM) and stabilizes as the
number of configurations increases. The inset of (b) represents the normalized Heisenberg exchange interactions at ambient pressure P = 0
and P = 15 GPa.

II. COMPUTATIONAL METHODS

To calculate the electronic band structures, the total en-
ergy, and consequently spin interactions, we use the projected
augmented-wave (PAW) method, as implemented in the
Vienna ab initio simulation package (VASP) [53]. The plane-
wave expansion employs a cutoff energy of 550 eV. We
apply the generalized gradient approximation (GGA) devel-
oped by Perdew, Burke, and Ernzerhof (PBE) to account for
the electron exchange-correlation energy [54]. Furthermore,
we include a Hubbard correction of U = 4 eV, as estimated
in Ref. [55], to improve the treatment of electron-electron
interactions.

To compute Heisenberg exchange interactions J̃i j , be-
tween localized spins Si = SŜi, where S is the spin length
and Ŝi denotes the spin direction; we employ an implicit
approach, named total energy mapping, by fitting a clas-
sical Heisenberg model H = −∑

i< j Ji j Ŝi · Ŝ j , where Ji j =
S2J̃i j are normalized Heisenberg exchange interactions, to
the total energy derived from calculations of the electronic
structure across numerous magnetic configurations [55–57].
For this, we compute exchange interactions up to the 16th
NN, allowing us to capture the chiral magnon band split-
ting accurately. To optimize computational efficiency, we
select the minimal supercell that effectively captures all rel-
evant exchange interactions. For this purpose, we apply the
SUPERHEX method [58], recently introduced by some of us.
Using SUPERHEX, we obtain a supercell with just 34 Mn
atoms. In contrast, a conventional approach would require a
much larger supercell of 5 × 5 × 4, which contains 200 Mn
atoms. Our approach has thus enabled a speedup of two to
three orders of magnitude.

At ambient pressure, we use approximately 60 unique
magnetic configurations and apply a least-squares fitting
to the Heisenberg Hamiltonian model. However, under a
compressive pressure of 15 GPa, achieving convergence in

exchange interactions requires about 120 magnetic config-
urations. In our DFT calculations, we neglect relativistic
spin-orbit coupling effects to concentrate on the primary ex-
change interactions.

III. SPIN-RESOLVED ELECTRONIC BAND STRUCTURE

In altermagnets, Kramers degeneracy is lifted, leading to
a momentum-dependent splitting of spin subbands in the
electronic band structure. The left and right panels in Fig. 2
present the spin-resolved electronic band structure of the bulk
α-MnTe at ambient pressure and 15 GPa, respectively, along
the L-� path in the Brillouin zone, where the material exhibits
the largest spin splitting. We measure the nonrelativistic spin
subband splitting at the 2/3L k point to compare its behavior
under different pressures. �V1 represents the spin subband
splitting of the first valence band, while �V2 corresponds to
the second valence band; see Fig. 2. We found a large spin
split of �V1 = 0.39 eV and �V2 = 0.96 eV under ambient
conditions consistent with recent experiments [29,30]. On the
other hand, at 15 GPa, �V1 increases to 0.67 eV and �V2 to
1.3 eV. This corresponds to an about 70% increase in spin
splitting of the first valence band and a 35% increase for the
second valence band when the system is under a pressure of
15 GPa. We conclude that pressure enhances the nonrelativis-
tic spin splitting in this material. We note that the NiAs-type
structure of α-MnTe undergoes a phase transition to a MnP-
type structure under a higher pressure of 24 GPa [59].

IV. NORMALIZED HEISENBERG EXCHANGE
INTERACTIONS

In the inset of Fig. 1(b), we present the normalized
Heisenberg exchange interactions, exchange spin interaction
multiplied by S2, as a function of distance, derived from
DFT calculations of the total energy at ambient pressure and
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FIG. 2. Electronic band structure of altermagnetic semiconductor α-MnTe with g-wave symmetry of spin polarization in momentum space.
The left and right panels show the spin-resolved band structure of bulk α-MnTe at ambient pressure and 15 GPa, respectively. �V1 and �V2

represent the spin subband splitting of the first and second valence bands, respectively.

15 GPa. We present results up to the 16th NN Heisenberg
exchange interactions, J1–J16 (see also Table I). It is clear that

TABLE I. Comparison of normalized Heisenberg exchange in-
teractions, Jn = S2J̃n, with n = 1, . . . , 16; computed in the present
study at ambient pressure (P = 0) and high pressure (P = 15 GPa),
with recent experimental results, obtained by fitting the measured
magnon dispersion to a simplified spin Hamiltonian model incorpo-
rating only five exchange interactions [49].

Jn (meV) P = 0 P = 15 GPa Expt. [49]

J1 −22.1816 −43.8556 −24.94
J2 0.1686 −0.7762 0.75
J3 −3.4239 −8.4657 −2.95
J4 −0.3620 −0.7770
J5 −0.3485 −0.2554
J6 −0.3714 −0.9036
J7 −0.1795 0.0185
J8 −0.3734 −0.3274
J9 −0.3770 −0.5216
J10,a −0.2772 −0.9780 −0.425
J10,b 0.0907 0.0147 0.1381
J11 −0.1361 0.3152
J12 −0.2042 −0.1877
J13 −0.0242 0.0810
J14 −0.1523 0.0100
J15 −0.0062 −0.0617
J16 −0.0203 0.1297

increasing the pressure strengthens the Heisenberg exchange
interactions for most exchange couplings. This enhancement
can be attributed to the reduction in bond lengths, which
increases the overlap of electron wave functions and conse-
quently increases electron hopping.

Under ambient conditions, for the second NN, in-plane
exchange interaction, our results predict an FM-type inter-
action, consistent with two experimental findings [47,49],
while previous ab initio studies report an AFM-type interac-
tion [50–52]. Thus, the magnetic ground state is an A-type
AFM as it was shown in experiments.

It should be noted that the 3d-orbital occupancy of the
Mn2+ ions in α-MnTe is approximately 5.3, indicating that
it is not exactly at half filling. This slight deviation from
half filling can facilitate FM exchange interactions between
in-plane Mn ions because the electron configuration allows
for some degree of spin alignment.

We argue that this discrepancy between experiments and
previous DFT calculations arises from using an insufficient
number of magnetic configurations to map the ab initio total
energy to the Heisenberg Hamiltonian. Figure 1(b) clearly
shows that relying on only 18 magnetic configurations also
results in an incorrect AFM-type interaction for J2 in our
calculation. However, as we increase the number of magnetic
configurations, the sign of exchange interaction switches to
the correct FM-type interaction, highlighting the importance
of verifying the convergence of exchange interactions with
respect to the number of magnetic configurations in complex
AFM systems. Although the sign of J2 in our calculations is
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in agreement with the experimental measurements, its am-
plitude is smaller [47,49]. We believe that this may arise
from the limited number of Heisenberg exchange interactions
chosen for fitting the experimental data. In addition, Fig. 1(b)
shows that the sign of J2 changes with pressure. Applying the
Monte Carlo solver to atomistic spin dynamics [60], we
find that the magnetic ground state remains a collinear
A-type AFM due to a large J3 even though the sign of
J2 changes under applied pressure [see the Supplemental
Material (SM) [61]].

As we already mentioned, α-MnTe is a prototype of alter-
magnetic systems. Partially lifting the band degeneracy in the
electronic and magnonic band structure of this material has
been experimentally reported very recently [30,49]. Due to its
crystal symmetry, then we expect some Heisenberg exchange
interactions will exhibit two distinct interaction amplitudes in
different directions. When considering exchanges up to the
16th NN in α-MnTe, we find that the tenth NN consists of two
values, which we label as J10,a and J10,b. These two exchange
interactions are illustrated in Fig. 1(a). In the figure, it is
evident that the J10,a interaction is stronger than the J10,b inter-
action, due to the presence of Mn-Te bond connections in the
J10,a interaction. The computed exchange interactions show
that J10,a is stronger than J10,b [see the inset of Fig. 1(b)]. Un-
der pressure, the difference between J10,a and J10,b increases,
with J10,a changing from −0.28 meV at ambient pressure to
−0.98 meV at 15 GPa, resulting in an enhancement of the
AFM magnon band splitting.

Consistent with a very recent experiment [49], our calcula-
tions indicate a direction-dependent spin exchange interaction
of J10, i.e., |J10,a − J10,b| �= 0. Such a direction dependence
of exchange interactions, arising from the crystal geometry,
leads to the nonrelativistic chiral split of magnon bands in an-
tiferromagnets; see the magnon dispersions in the following.
Furthermore, in agreement with the experiment finding, we
find that J10,a exhibits an AFM-type sign while J10,b shows an
FM-type sign. We find that while applying the pressure cannot
change the sign of them, their difference is enhanced and thus
the chiral splitting of magnon bands is increased. We are not
aware of any previous ab initio study of direction-dependent
Heisenberg spin exchange interactions in α-MnTe that leads
to the chiral splitting of magnon bands.

V. MAGNON DISPERSION AND MAGNETIC
SUSCEPTIBILITY

Finding normalized Heisenberg exchange interactions (see
Table I), we are able to compute magnon dispersion under
both ambient conditions and under pressure as well as a
magnetic ground state and magnetic susceptibility. We use
the following minimal spin Hamiltonian to describe the spin
interactions in α-MnTe,

H = −
∑

i< j

Ji j Ŝi · Ŝ j − K
∑

i

(Ŝi · êi )
2 − μsh0

∑

i

b̂ · Ŝi,

(1)

where K > 0 is the single-ion uniaxial easy-axis magnetic
anisotropy constant, êi is the magnetic anisotropy direction,
and μs is the atomic magnetic moment. We assume a Zeeman-
like interaction between localized magnetic moments and an

FIG. 3. Magnon dispersion relation of α-MnTe in the ambient
conditions (green lines) and under a compressive pressure of 15 GPa
(purple lines). In the absence of magnetic field, chiral α (dashed
lines) and β (solid lines) magnon subbands are degenerate around
the � symmetry point, while the chiral degeneracy is lifted along the
L-�-L symmetry path. See the SM for magnon dispersions in the
presence of a magnetic field [61].

external magnetic field with amplitude h0 along the b̂ direc-
tion. The crystalline magnetic anisotropy, which arises from
spin-orbit coupling, is very weak in α-MnTe. Due to its small
magnitude, it cannot be reliably determined either experimen-
tally or through ab initio calculations. For our analysis, we
adopt a value of K = 6.25 meV [47,50]. In collinear uniaxial
AFM systems, magnons can have two chiral α and β eigen-
modes, H = ∑

k (ωα
k α

†
k αk + ω

β

k β
†
k βk ) [62]. In conventional

IT or tT symmetric AFM systems, these two chiral modes
are usually degenerate ωα

k = ω
β

k . However, in altermagnets,
the chiral magnon bands split [18] as was shown in a recent
experiment on α-MnTe [49].

Figure 3 shows the magnon dispersion of α-MnTe in
the absence and presence of pressure. Low-energy magnons
around the � symmetry point are degenerate while along the
L-�-L symmetry path this degeneracy is broken. The pressure
enhances the band splitting and also the magnon bandwidth.
The spin-flop magnetic field in AFM systems is proportional
to

√
J1K . Using dispersion relation calculations, we find a

spin-flop magnetic field of hsf ≈ 5.3 T in the absence of
pressure, while in the presence of the pressure it enhances
to hsf ≈ 7.6 T. In the SM [61], we show the magnetic field
dependence of the chiral splitting.

In SM [61], we have compared the chiral splitting of the
magnon bands, derived from our ab initio calculations, with
the experimental data available in Ref. [49] and found that
the maximum chiral splitting according to our calculations is
1.5 times larger than the experimental data. The difference be-
tween our finding and the experimental data can have different
origins: (i) The experimental data were derived by fitting to an
exchange Hamiltonian that includes only five exchange terms,
and (ii) DFT+U calculations are known to underestimate ex-
change interactions [55]. Further experimental investigations,
such as magnetic-field-dependent and temperature-dependent
studies, are essential to achieve a comprehensive characteri-
zation of this material.

In addition, we compute the magnetic susceptibility of
the system using Monte Carlo calculations in Fig. 4. The
Néel temperature TN can be read out from the maximum of
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FIG. 4. Directional magnetic susceptibilities in the (a) absence
and (b) presence of pressure. In our atomistic simulations, we model
a cubic system with dimensions of 10 nm × 10 nm × 10 nm, with
periodic boundary conditions.

the longitudinal magnetic susceptibility. Within our calcula-
tions, we find TN ≈ 250 K in the absence of pressure and
TN ≈ 500 K under the pressure. Our calculations yield a lower
Néel temperature compared to the experimental values, which
are reported as 267 K for the thin film [30] and 307 K for the
bulk material [49,63]. This discrepancy is probably due to an
underestimation of the exchange interaction parameter J1 in
our calculations.

Finally, from inverse magnetic susceptibility calculations
(see SM [61]), we obtain the AFM Curie-Weiss temperature �

via phenomenological Curie-Weiss law χ−1
z ∝ (T + �) [64].

Under ambient conditions, we find |�| ≈ 620 K, which is

slightly higher than the previous experimental values of 585 K
reported in Refs. [65,66]. However, under applied pressure,
however, |�| increases significantly to around 3100 K. These
results are in agreement with the typical frustration index
|�|/TN ∝ 2 − 5 of unfrustrated 3d transition metals [64].

VI. CONCLUDING REMARKS

α-MnTe serves as a prototypical altermagnetic semicon-
ductor, distinguished by its robust piezomagnetic properties.
These characteristics make it a compelling candidate for ad-
vanced spintronics applications. In this study, we address two
open questions: the origin of A-type AFM order in this ma-
terial and the chiral split of magnon bands. By resolving the
in-plane Heisenberg exchange interaction J2 discrepancy be-
tween the experimental findings and prior DFT calculations,
we highlight the critical role of magnetic configurations in
accurately modeling complex antiferromagnets. Furthermore,
we identify J10a(b) as the primary driver behind the splitting
of chiral magnions in α-MnTe. Notably, applied pressure
modulates both the sign and magnitude of the Heisenberg
exchange interactions, enhancing spin polarization and chiral
band splitting in both electronic and magnonic spectra. This
work underscores the importance of a detailed spin interaction
analysis in advancing the physics of altermagnetic materials
for next-generation spintronics technologies.
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