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Altermagnets are a novel class of magnetic materials that bridge the gap between ferromagnets
(FMs) and antiferromagnets (AFMs). A key feature is the non-degeneracy of magnon modes where
spin splitting occurs, leading to chirality and direction-dependent magnon dispersions governed by
symmetry. We explore this in metallic g-wave altermagnets (I'Pn, where T= V, Cr; Pn= As,
Sb, Bi) using density functional and many-body perturbation theories. We analyze the influence
of pnictogen substitution on spin splitting and magnon behavior. We uncover anisotropic magnon
band splitting aligned with electronic structure, and wavevector- and chirality-dependent damping
due to Stoner excitations. We identify regions in the Brillouin zone where the chiral magnon
splitting overcomes the damping. These findings suggest altermagnets are promising for spintronic
and magnonic technologies, where direction-dependent magnon lifetimes and nonreciprocal magno
transport may enable chiral magnon propagation, while wavevector-selective damping could be
harnessed for fast and controllable magnetization switching.

I. INTRODUCTION

Altermagnets represent a newly identified class of mag-
nets that uniquely combine characteristics of ferromag-
nets (FMs) and conventional collinear antiferromagnets
(AFMs). For example, consistent with AFMs, altermag-
nets feature a compensated magnetic structure with zero
net magnetic moment. Similar to FMs, they exhibit spin
splitting in their electronic bands along specific crystal-
lographic directions [1-4]. Unlike conventional AFM,
this spin splitting does not arise from spin-orbit cou-
pling (SOC), instead, it emerges from the interplay be-
tween magnetic exchange interactions and crystal sym-
metry. This interplay leads to anisotropic spin polar-
ization within the Brillouin zone (BZ), breaking time-
reversal symmetry while preserving crystal symmetries
such as rotations, i.e., ET(k) # E*(—k) without SOC
[4]. The collinear nature of altermagnets implies that
the spin remains a good quantum number in the absence
of SOC and in difference to non-collinear antiferromag-
nets, the spin-momentum locking features a common k-
independent quantization axis across the Brillouin zone
denoting the spin-splitting just as a spin-up, -down split-
ting. The quantization axis can be changed, by rotating
the antiferrmagnetic Néel vector relative to the cyrstal
lattice with implications on the anomalous Hall effect
(AHE), the Dzyaloshinskii-Moriya interaction (DMI) and
the current-induced exchange-coupling torques. These
characteristics suggest that altermagnets represent a dis-
tinct category of materials that deviate from conventional
classifications of magnetic order and exhibit unconven-
tional physical properties.
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A key aspect of understanding the distinctive behav-
ior of altermagnets lies in the study of their spin exci-
tations, which determine their dynamic and transport
properties. Spin excitations in magnetic systems en-
compass both collective magnon (spin-wave) modes and
single-particle spin-flip Stoner excitations [5, 6]. In FMs,
magnons exhibit a quadratic dispersion near the Brillouin
zone center, resulting in low-energy excitations. The fer-
romagnetic resonance frequency, corresponding to zero-
momentum spin excitations in an external magnetic field,
typically lies in the gigahertz (GHz) range, depending on
material parameters and the applied field [7]. In con-
trast, AFMs feature magnons with linear dispersion and
significantly higher antiferromagnetic resonance frequen-
cies, which are in the terahertz (THz) regime, due to
the additional contribution of the strong exchange in-
teractions [8]. Altermagnets bridge these two regimes,
combining FM-like spin splitting with AFM-like symme-
try and frequency response, while also exhibiting uncon-
ventional magnonic properties, including the emergence
of chiral magnons, which distinguish them from conven-
tional magnetic systems in the absence of SOC [9, 10].

The term chiral magnons has recently gained attention
[11, 12], yet its precise meaning and implications often re-
main unclear. The concept of magnon polarization has
been known for decades, and describes the handedness of
spin-wave (magnon) precession in magnetic systems. Ac-
cording to classical (the Landau-Lifshitz equation) and
quantum mechanics, a magnetic moment arizing from
electrons precesses counterclockwise around an applied
magnetic field, which is conventionally defined as hav-
ing positive polarization. In simple FMs, all magnons
share uniquely this positive polarization [13], whereas in
collinear AFMs, two magnon branches with opposite po-
larization exist but remain degenerate unless easy-axis
or easy-plane anisotropies or a large magnetic field lift
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the degeneracy [8, 14]. Despite these differences, direct
experimental verification of opposite magnon polariza-
tion remains challenging, often requiring polarized neu-
tron scattering techniques [15-17].

In altermagnets, the chiral magnon degeneracy of an-
tiferromagnets is lifted along certain wave-vector direc-
tions and chiral magnons emerge as a consequence of ex-
change interactions and crystal symmetry, rather than
from spin-orbit coupling. Unlike chiral magnets, where
chirality originates from the Dzyaloshinskii-Moriya in-
teraction in noncentrosymmetric systems, altermagnetic
chiral magnons arise from the momentum-dependent spin
splitting enforced by symmetry, even in centrosymmetric
materials [11]. This leads to nonreciprocal magnon dis-
persions, breaking time-reversal symmetry in a distinct
way compared to conventional magnetic systems. The
resulting asymmetric magnon propagation in altermag-
nets bears similarities to chiral magnets but stems from
a fundamentally different microscopic origin [9]. Experi-
mentally, the detection of chiral magnons in altermagnets
has been demonstrated using inelastic neutron scatter-
ing, which has successfully been employed to observe al-
termagnetic magnon splitting in materials such as MnTe
[18].

Beyond their fundamental significance, chiral magnons
in metallic altermagnets exhibit additional complexities
due to their coupling with Stoner excitations, which
significantly affect both their dispersion and damping.
This coupling leads to wavevector-dependent magnon
broadening, distinguishing metallic altermagnets from
their insulating counterparts and enabling a high de-
gree of control over magnon propagation [9, 19, 20].
While such damping may limit long-range magnon co-
herence, it can be functionally advantageous for other
applications, such as ultrafast magnetization switch-
ing, where enhanced damping facilitates rapid relax-
ation [21, 22]. These characteristics establish altermag-
nets as a promising platform for next-generation spin-
tronic and magnonic devices, where direction-dependent
magnon lifetimes enable nonreciprocal transport [23-28]
and symmetry-controlled damping could be harnessed for
efficient, field-free switching.

Despite these promising characteristics, the theoretical
description of chiral magnons in metallic altermagnets re-
mains challenging due to their interaction with Stoner ex-
citations. In particular, the classical Heisenberg model,
which successfully captures magnon spectra in insulat-
ing altermagnets [11, 29], fails to describe the coupling
between collective magnons and single-particle Stoner ex-
citations in metallic systems. Furthermore, it does not
account for electronic correlation effects, which critically
influence magnon lifetimes and damping mechanisms. A
more accurate framework is provided by many-body per-
turbation theory (MBPT) [30, 31], which explicitly incor-
porates dynamic electron-hole interactions and the full
complexity of the electronic structure. This approach has
been applied to the study of elementary ferromagnets and
compounds, offering insights into spin dynamics beyond

the limitations of classical models [31-33]. We have re-
alized the MBPT in the context of the full-potential lin-
earized augmented plane wave (FLAPW) methodology
in terms of the implementation of the SPEX code [34-
36]. The code has been applied to a number of ferromag-
nets [34, 37] and served as benchmark for an equivalent
TDDFT implementation of the magnetic response func-
tion [38].

In this paper, we employ MBPT combined with den-
sity functional theory (DFT) to investigate chiral magnon
excitations in a family of metallic 3d transition-metal
monopnictides. The materials considered—VSb, CrSb,
CrAs, and CrBi—exhibit A-type antiferromagnetic Néel
order and crystallize in the centrosymmetric hexagonal
NiAs-type structure, where the transition metal 7' = V,
Cr and the pnictogen Pn = As, Sb, Bi. These com-
pounds exemplify g-wave altermagnetism, wherein the
momentum-dependent spin splitting of electronic bands
transforms under spatial symmetries according to an oc-
tupolar harmonic (¢ = 4) with even parity, resembling
a cloverleaf pattern with eight nodes. We systemati-
cally analyze the relationship between electronic band
spin splitting and magnon dispersions, with a particu-
lar focus on how pnictogen substitution influences these
characteristics.

The selection of these materials is motivated by sev-
eral factors. One is certainly the NiAs-type crystal struc-
ture, illustrated in Fig. 1. This structure features alter-
nating ferromagnetic atomic layers of transition metals
stacked antiferromagnetically along the z axis separated
by pnictogen atoms in a hexagonal arrangement. The
T-Pn superexchange along the z-axis stabilizes the mag-
netic configuration with antiparallel sublattice moments,
resulting in a compensated net-zero magnetic moment
system. The triangular arrangements of the pnictogen
atoms above and below each transition-metal sublattice
are rotated by 60° with respect to each other, which is
the structural framework that supports altermagnetic be-
havior. The high crystal symmetry (P63/mmc) prevents
conventional linear DMI between neighboring atoms and
by this weak ferromagnetism. Thus, the magnetic mo-
ments are really collinear with a uniaxial Néel vector
along the z-direction.

Experimentally, VSb and CrSb are well-established in
this phase [18, 39, 40], while CrAs can crystallize either
in the NiAs-type or MnP-type (orthorhombic, Pnma)
structure, depending on synthesis conditions [41]. For
CrBi, no direct experimental confirmation of its stable
structure exists, though theoretical studies propose the
NiAs-type as its ground state, with metastable alterna-
tives like the zincblende (ZB cubic F43m structure con-
sidered in spintronic contexts [42]. Other factors moti-
vating the transition-metal monopnictides are their rel-
atively simple binary composition, which facilitates syn-
thesis with fewer structural and chemical defects, as well
as the relatively low-energy glide planes of the NiAs
structure that makes altermagnetic properties suscepti-
ble to strain, making them attractive for spintronic ap-



plications.

However, the first and most important point for the
selection of the material family was that among the in-
vestigated compounds CrSb emerges as a benchmark sys-
tem of altermagnets due to its high Néel temperature T
(> 700 K) and significant electronic spin splitting (> 1
eV) observed experimentally near the Fermi level [43-46].
In addition, recent experimental work on the magnon
modes of CrSb [47] has provided direct evidence of chi-
ral magnon excitations and their energy splitting. This
establishes CrSb as a key reference material for metallic
altermagnetic spin dynamics and highlights the neces-
sity of further investigations into related compounds to
explore the broader implications of chiral magnon exci-
tations. Besides studying the details of the prototypical
CrSb system, it is important to study a set of similar
materials, in order to gain understanding and intuition of
the remarkable altermagnetic properties combining spin-
splitting and chiral magnon splitting in a compensated
magnetic structure through the study of chemical trends.

Our results reveal a pronounced anisotropic magnon
band splitting that closely mirrors the momentum-
dependent spin splitting in the electronic bands. Fur-
thermore, we demonstrate that magnon damping due
to Stoner excitations exhibits significant wavevector de-
pendence, with strong broadening in specific regions of
the Brillouin zone while remaining moderate in oth-
ers. This variation highlights the intricate coupling be-
tween magnon excitations and the underlying electronic
structure of metallic altermagnets. Beyond providing
new insights into magnon behavior in metallic systems,
our findings establish altermagnets as tunable platforms
for directional magnon transport and control. These
characteristics position altermagnets as promising can-
didates for next-generation spintronic and magnonic de-
vices, where tailored magnon lifetimes and nonreciprocal
transport could enable energy-efficient signal processing
and high-frequency applications.

RESULTS
Electronic and magnetic properties

To explore the unique properties of metallic altermag-
nets, we investigate the structural, electronic, and mag-
netic characteristics of TPn compounds (T' = V, Cr;
Pn = As, Sb, Bi) using DFT (for details see Method Sec-
tions). The results are collected in Table I. Denoted by
the negative sign of Fapy_wMm, our calculations confirm
that the collinear layered c-axis AFM configuration, i.e.
magnetic structure with an A-type Néel vector with an
easy axis parallel to [0001] as shown in Fig. 1, has lower
energy than FM. The energy difference Eapn_ru gives a
rough estimate of the Néel temperatures. Estimating the
Néel temperature in the mean field approximation (MFA)
as kgIn = %EAFM,FM and taking into account that
the MFA overestimates Monte Carlo results by about
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Left:

FIG. 1. Schematic representation of the magnetic
and crystalline structure of the NiAs-type altermagnetic T Pn
compounds (T' = V, Cr; Pn = As, Sb, Bi), illustrating
the compensated A-type layered antiferromagnetic ordering
of ferromagnetic sublattices (blue and red transition metal
atoms) with opposite magnetic moments (arrows). z is par-
allel to the antiferromagnetic translation direction [0001].
Right: Brillouin zone of the hexagonal lattice, with high-
symmetry points indicated.

59% for layered systems [48], we estimate the Néel tem-
perature of CrSb to 875 K, which is in the ballpark of
the experimental value of 700 K. The resulting magnetic
anisotropy energy (MAE) exhibits an out-of-plane prefer-
ence for all T Pn compounds as indicated by the negative
sign of Eyag in Table I. We therefore assume that this
is the magnetic ground state. To systematically deter-
mine the equilibrium lattice parameters, we performed
structural optimizations for both FM and AFM states.
The relaxed lattice constants for each configuration were
found to be different, indicating that magnetic ordering
influences the structural parameters. However, since the
AFM state was consistently lower in energy across all
materials, we adopted the AFM lattice parameters as the
reference values in Table I and used them for comparing
the total energy differences between the FM and AFM
states. This choice ensures a consistent basis for energy
comparisons, eliminating any discrepancies arising from
structural relaxation effects. The observed preference for
the AFM ground state highlights the dominance of strong
magnetic exchange interactions that favor compensated
magnetic ordering, which is a characteristic feature of
altermagnetic systems.

Table I summarizes the lattice parameters (a and c),
sublattice magnetic moments (my,c,), and maximum
spin splitting values (AE™) along the path I'-L for all
compounds. CrSb exhibits a large sublattice magnetic
moment (2.79 pp) and a substantial spin splitting of
1.25 eV in its relaxed lattice configuration, reflecting
strong magnetic exchange interactions. In contrast, VSb
shows a smaller magnetic moment (1.77 ug) and reduced
spin splitting of 0.55 eV, demonstrating the critical role
of the transition metal atom in governing the magnetic
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TABLE I. Lattice parameters (¢ and c), total energy difference per formula unit between antiferromagnetic (AFM) and
ferromagnetic (FM) calculations, Eapm—rm, total energy difference of AFM order between out-of-hexagonal plane and in-
plane orientation of Néel vector, Fmar, spin and orbital magnetic moments, mz, Mo, 7, maximum spin splitting, AE™,
and maximum magnon band splitting, Aw™, in metallic g-wave altermagnets TPn (T = V, Cr; Pn = As, Sb, Bi). The
experimental lattice parameters are available for CrSb and VSb in Ref. [45, 46, 49]. Top block: optimized minimum energy
lattice parameters. Bottom block: lattice parameters fixed to the values of CrSb.

TPn a c FEarMm—rum Enag mr Morb, T AE™ Aw™
(A) (A) (mev) (meV) (1) () (V) (meV)
VSb 4.10 5.79 —12 —0.008 1.77 0.000 0.55 40
CrAs 3.77 5.35 —95 —0.09 2.51 0.007 1.18 18
CrSb 4.11 5.44 —180 —0.42 2.79 0.015 1.25 52
CrBi 4.40 5.52 —280 —0.67 3.24 0.059 1.19 36
VSb 4.11 5.44 ) —0.008 1.57 0.000 0.43 39
CrAs 4.11 5.44 —200 —0.20 3.03 0.010 1.10 25
CrSb 4.11 5.44 —180 —0.42 2.79 0.015 1.25 52
CrBi 4.11 5.44 —170 —1.15 2.85 0.072 1.35 43

FIG. 2. (a) Spin-resolved band structure of CrSb along the path L-I'-K-M-I'-A-M in the Brillouin zone. (b) Spin-resolved band
structures of VSb, CrAs, and CrBi along the I'-L direction, highlighting regions with significant spin splitting. Spin-split bands
near the Fermi level are emphasized for clarity. The dashed lines denote the Fermi level, which is set to zero energy.

and electronic properties. These results highlight how
the choice of transition metals and pnictogen elements di-
rectly influences the fundamental characteristics of alter-
magnets, impacting both their electronic structure and
magnetic behavior.

To disentangle the effects of lattice geometry and com-
positional variation, we performed calculations for all
compounds with lattice parameters fixed to those of
CrSh, as shown in the second block of Table I. This ap-
proach allows us to isolate the impact of chemical com-
position from structural effects, providing deeper insight
into the intrinsic electronic and magnetic interactions in
these materials. Under this constraint, the spin split-
ting, AE™, of VSb decreases to 0.43 eV, while CrBi
increases to 1.35 eV. These trends reveal that the elec-
tronic structure is highly sensitive to lattice variations,
with larger unit cells tending to enhance spin splitting.
The pronounced dependence of spin splitting on lattice
parameters demonstrates their pivotal role in modulating
the electronic and magnetic interactions in altermagnets,
further demonstrating how both structural and composi-

tional factors collectively shape their fundamental prop-
erties.

The spin-resolved band structure of CrSb, presented in
Fig. 2(a), reveals significant spin splitting near the Fermi
level, particularly along the I'-L and A-M directions in
the Brillouin zone. Given the previously discussed sen-
sitivity of spin splitting to lattice parameters, we now
examine the role of chemical composition by comparing
the electronic band structures of VSb, CrAs, and CrBi
along the same direction, as shown in Fig. 2(b) for re-
laxed lattice parameters. This comparison highlights how
pnictogen substitution modifies the electronic structure,
with CrSb exhibiting the largest spin splitting among the
studied compounds, followed by CrBi under the relaxed
lattice conditions. The observed trend aligns with the
previously established correlation between larger lattice
parameters and enhanced spin splitting, further reinforc-
ing the interplay between structural and compositional
effects in altermagnets.



Spin excitations

The electronic and magnetic properties of T Pn com-
pounds significantly influence their spin excitation spec-
tra. Magnons, which are collective spin-wave excita-
tions in magnetic materials, are described by the trans-
verse magnetic response function R+_(q,w), see meth-
ods section for details. Given the strong spin splitting
observed in the electronic band structures, it is cru-
cial to analyze how these electronic properties translate
into magnon dynamics. Within MBPT, the transverse
magnetic response function is schematically given by:
RtY— = Kt= + Kt=T¥ K+~ where the first term rep-
resents the response of the noninteracting system (the
Kohn-Sham magnetic response function), and the sec-
ond term describes interaction effects via the T matrix.
The T matrix accounts for repeated scattering events of
particle-hole pairs with opposite spins, which ultimately
leads to the formation of collective magnon excitations.
It is schematically expressed as: T+ = [1-WK+~]71W,
where W is the screened Coulomb interaction. The mag-
netic response function thus provides a framework for
understanding both collective magnon modes and single-
particle spin-flip Stoner excitations, along with their re-
spective lifetimes.

In ferromagnets, magnons reduce the total magneti-
zation by one quantum of angular momentum, h, and
are associated with the spin-lowering operator S~. This
process corresponds to an electron transition from the
spin-up (1) band to the spin-down (J) band. The attrac-
tive electron-hole interaction W leads to the formation
of a bound state—the magnon—whose energy depends
on the wave vector . This bound state manifests as a
well-defined peak in RT~(q,w), representing the collec-
tive magnon mode, while single-particle spin-flip Stoner
excitations appear as a higher-energy continuum. The
distinction between magnons and Stoner excitations is
fundamental to understanding spin dynamics, as the for-
mer corresponds to coherent magnons, whereas the latter
leads to damping effects that limit magnon lifetimes.

In AFMs, magnons exist in two forms: those with
S, = —1, which lower the spin in the spin-up (1) sub-
lattice, and those with S, = +1, which raise the spin
in the spin-down (}) sublattice [9]. Due to the symme-
try between the two sublattices, these magnon modes are
degenerate across the Brillouin zone. However, altermag-
nets exhibit a fundamentally different behavior: their
transverse magnetic response functions, BT~ (q,w) and
R™%(q,w), become non-degenerate along specific crys-
tallographic directions where electronic spin splitting oc-
curs. This non-degeneracy leads to chiral magnon ex-
citations, giving rise to two distinct magnon branches,
denoted as w™ and w™ bands. The resulting anisotropic
magnon transport differs from conventional AFMs, where
magnon propagation is symmetric. In directions without
spin splitting, the two response functions remain degen-
erate, leading to a time-reversal symmetric magnon spec-
trum.

TABLE 1II. Average screened on-site direct W /W’
(diagonal/off-diagonal) and exchange J Coulomb ma-
trix elements between the 3d orbitals of the 7" atom and
the p orbitals of the Pn atom in T'Pn compounds (T =V,
Cr; Pn = As, Sb, Bi). Values are provided for both their
computationally optimized lattice parameters and for lattice
parameters fixed to those of CrSb.

[a,c]en [a, c]crsp
TPn Orbital W/W’ (eV) J (eV) W/W’ (eV) J (eV)
VSb  V-3d 0.80/0.19 0.31 0.82/0.20 0.31
Sb-4p 1.17/0.65 0.26 1.17/0.65 0.26
CrAs Cr-3d 1.36/0.59 0.38 1.54/0.69 0.43
As-3p 1.48/0.85 0.32 1.37/0.78 0.10
CrSb  Cr-3d 1.51/0.69 0.41 1.51/0.69 0.41
Sb-4p 1.25/0.72 0.26 1.25/0.72 0.26
CrBi Cr-3d 1.51/0.66 0.43 1.45/0.59 0.43
Bi-5p 1.18/0.67 0.26 1.30/0.75 0.28

To establish a quantitative foundation for R™~(q,w),
we first start from the AFM state and compute the ma-
trix elements of the onsite screened Coulomb potential
W for the 3d orbitals of the T" atom and the p orbitals of
the Pn atom in T'Pn compounds (T =V, Cr; Pn = As,
Sb, Bi). These values, presented in Table II, are calcu-
lated for both computationally optimized lattice param-
eters and those fixed to CrSb. Given that the strength of
electron-electron interactions plays a crucial role in de-
termining magnon excitations, understanding the trends
in W, W' and J provides key insights into the interplay
between Coulomb screening and spin dynamics in these
materials. The screened Coulomb interaction W (and
W’) for the 3d orbitals of V and Cr is comparable to
their elementary bulk bcc metal counterparts, indicat-
ing moderate electron correlation effects. For pnictogen
p orbitals, the screened Coulomb interaction decreases
from As to Sb to Bi, following the expected trend of
increasing atomic size and polarizability. This variation
influences the hybridization between the transition metal
d states and pnictogen p states, affecting the electronic
and magnetic properties of the compounds. When the
lattice parameters are fixed to those of CrSb, the W
values show slight changes across all compounds. The
exchange interaction J remains relatively stable across
compounds, with values ranging from 0.26 to 0.43 eV.
CrBi exhibits the highest J among Cr-based compounds,
reflecting stronger localization of Cr-3d orbitals, while
VSb displays lower J, consistent with its smaller ex-
change splitting and enhanced screening effects.

Stoner excitations, which play a key role in under-
standing magnon damping, arise from electron transi-
tions between bands of opposite spin. When an elec-
tron is excited from an occupied majority-spin state at
k to an unoccupied minority-spin state at k + q, it gen-
erates an electron-hole pair with a triplet spin configu-
ration, reducing the magnetization by unity. Since these
are single-particle spin-flip processes, they can be qual-
itatively studied at the Kohn-Sham level via the imagi-
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FIG. 3. (a) Noninteracting Kohn-Sham magnetic response functions K+~ (red line) and K~ (blue line) for CrSb, plotted for
selected wave vectors along the I'-L. and I'-M directions in the Brillouin zone. Since electron-electron interactions are absent
at this level, the spectral function exhibits only single-particle Stoner excitations, with no collective magnon modes at lower
energies. The broad continuum of excitations corresponds to spin-flip transitions between occupied and unoccupied electronic
states of opposite spin. The non-degeneracy of K+~ (q,w) and K~ (q,w) along I'-L reflects the underlying spin splitting in the
electronic band structure, while their degeneracy along I'-M suggests a lack of intrinsic spin asymmetry in this direction. (b)
Magnon excitation spectra for CrSb, obtained from the response functions RT~(q,w) (red line) and R™"(q,w) (blue line) for
selected wave vectors along the I'-L and I'-M directions. Compared to the noninteracting case, additional well-defined magnon
peaks emerge at lower energies due to electron-electron interactions. The response functions remain non-degenerate along I'-L,
giving rise to chiral magnon excitations, while they remain degenerate along I'-M. For clarity, peak amplitudes in each panel
are scaled to the same height for comparative visualization. The wave vector q = (q1, g2, ¢3) = g1b1 + g2b2 + gsbs is given in

units of the reciprocal lattices vectors b1, bz, bs. I': (0,0,0), L

nary part of the non-interacting magnetic response func-
tion, ImK(q,w). In Fig. 3(a), we present ImK (q,w) for
CrSb at selected wave vectors along the I'-L and I'-M
directions. Since renormalization effects due to electron-
electron interactions are absent at this level, only single-
particle spin-flip Stoner excitations are observed. The
spectral function, InK ™+~ (q,w) [ImK~*(q,w)], exhibits
a broad peak due to spin-flip transitions between oc-
cupied majority and unoccupied minority states. The
peak maximum, located around 2.5 eV, corresponds to
the exchange splitting of the Cr sublattice in CrSb,
as confirmed by the projected density of states in
the Supplementary Information [50]. As illustrated in
Fig. 3(a), the non-interacting magnetic response func-
tions ImK*~(q, w) and ImK ~*(q, w) exhibit distinct be-
havior depending on the electronic spin splitting. Along
the I'-L direction, where significant spin splitting occurs
in the band structure, the two response functions are non-
degenerate. However, along the I'-M direction, where
electronic spin splitting is absent, the response functions
remain degenerate. This highlights the intrinsic connec-
tion between the spin-dependent electronic structure and
single-particle spin-flip excitations in altermagnets.

When dynamical correlations are included via the
screened Coulomb interaction W (see Table II), addi-

: (1/2,0,1/2), M: (1/2,0,0). For more details see Ref. [50].

tional low-energy magnon peaks emerge in the spectral
functions of the interacting system, ImR"™~(q,w) and
ImR™*(q,w), as shown in Fig. 3(b) for CrSb. Similar
to the non-interacting response function, the interacting
magnetic response functions, R~ (q,w) and R~ (q,w),
are non-degenerate along the I'-L direction due to the
intrinsic spin splitting in the electronic band structure.
For small wave vectors q, the magnon peaks are nearly
degenerate and exhibit sharp spectral features. As q in-
creases, the peaks split and broaden, indicating varia-
tions in magnon lifetimes. This broadening arises from
magnon coupling to single-particle Stoner excitations,
which provide additional decay channels. In contrast,
along the I'-M direction, where spin splitting is absent,
both response functions remain degenerate, reflecting the
symmetry of the underlying electronic structure.

Due to the metallic nature of CrSb, Stoner excita-
tions exist at all energies, leading to substantial magnon
damping for finite wave vectors (q # 0). Unlike in in-
sulating magnets, where magnons are well-defined col-
lective modes with long lifetimes, in metallic systems,
they can decay via coupling to the continuum of single-
particle spin-flip Stoner excitations. This decay mecha-
nism is particularly relevant in CrSb, where the overlap
between the magnon and Stoner excitation spectra re-



FIG. 4. (a) Magnon dispersion for CrSb along the L-I'-K-M-I'-A-M path in the Brillouin zone, showing two distinct magnon
branches, w™ (red) and w" (blue). (b) Upper panel: Spin-resolved electronic band structure for CrSb along the L-I'-L’ path,
highlighting spin-up (red) and spin-down (blue) bands with significant spin splitting. Lower panel: Magnon dispersion along
the same path, displaying both w™ and w* branches. (c) Magnon lifetimes along the L-T'-L’ path, represented by the half-width
at half-maximum (HWHM) of the magnon peaks for both branches. These results illustrate the connection between electronic
spin splitting and magnon properties, including dispersion and damping.

sults in a significant broadening of the magnon peaks
in both ImR*~(q,w) and ImR™"(q,w), as illustrated in
Fig. 3(b). The degree of magnon damping is directly
linked to the density of states (DOS) of Stoner excita-
tions and the electronic DOS in the corresponding energy
range (see Supplementary Information [50]). A higher
DOS of Stoner excitations at a given energy increases
the probability of magnon decay, as more decay chan-
nels become available. This effect is particularly pro-
nounced for large q, where the magnon dispersion en-
ters energy regions with a high Stoner DOS, resulting
in stronger damping. Conversely, for small q, where the
magnon energy remains low, the overlap with Stoner ex-
citations is reduced, leading to sharper and more well-
defined magnon peaks. These trends highlight the strong
correlation between the electronic structure and magnon
lifetimes in altermagnets, demonstrating how the inter-
play between spin excitations and electron-hole contin-
uum governs the stability of collective magnon modes in
metallic systems.

Since the magnon energies are determined from the
transverse magnetic response functions, ImR*T~ (q,w)
and ImR~1(q,w), they correspond to the positions of the
spectral peaks in these functions. By plotting these peaks
as a function of the wave vector q, we obtain the magnon
dispersion, as shown in Fig. 4(a) along the L-I'-K-M-T'-
A-M path in the Brillouin zone for CrSb. As expected, a
linear magnon dispersion, £ = Agq, is observed near the I
point, consistent with the behavior of gapless Goldstone

modes in metallic magnets. The slope of the dispersion
E = Aq gives a spin stiffness A = 201 meV A. Similar
to the electronic band structure, we find magnon band
splitting along the I'-L and A-M directions, reflecting the
intrinsic spin splitting characteristic of altermagnetic ma-
terials. The two distinct magnon branches, denoted as
w™ and w, arise due to this splitting and correspond to
the energy positions of the spectral peaks in ImR*~(q, w)
and ImR™"(q,w), respectively. The maximum splitting
reaches approximately 52 meV, highlighting a substan-
tial energy difference between the two magnon branches
in these directions. This splitting is a direct conse-
quence of the nontrivial spin-dependent interactions in
CrSb and further demonstrates the anisotropic nature of
its magnon spectrum [11]. The maximum magnon energy
is found at the K point, reaching up to 285 meV, which
is significantly higher than the maximum energies at L
(200 meV) and M (175 meV). This variation in magnon
energies across the Brillouin zone reflects the wavevector-
dependent exchange interactions in CrSb. The lower en-
ergy at M compared to K suggests that the effective spin-
exchange interactions are weaker along the corresponding
crystallographic directions, leading to a reduced magnon
group velocity. These findings emphasize the intricate
connection between band structure and magnon disper-
sion, demonstrating how electronic spin splitting directly
manifests in the magnon spectrum of metallic altermag-
nets.

Figure 4(b) illustrates the chiral nature of the magnon
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FIG. 5. Magnon dispersion along the I'-L direction for (a) VSb, (b) CrAs, and (c¢) CrBi, showing two distinct magnon branches,
w™ (red) and w™ (blue). The upper row presents dispersions calculated using the theoretical lattice parameters of each material,
while the lower row displays results obtained with the lattice parameters fixed to those of CrSb. Notice, the specific energy
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dispersion in CrSb by comparing the electronic band
structure (upper panel) and magnon spectrum (lower
panel) along the L-I-L’ directions. A striking feature
of the magnon dispersion is the interchange of split
magnon branches between the I'-L. and I'-L’ paths, in-
dicating a lack of inversion symmetry in magnon prop-
agation. This directional dependence of magnon ener-
gies is a hallmark of chiral magnons, where the disper-
sion relation varies depending on the propagation di-
rection in momentum space. Unlike conventional anti-
ferromagnets, where magnon modes remain degenerate
in opposite directions, CrSb exhibits a pronounced spin
asymmetry in its magnon bands. This asymmetry re-
flects the intrinsic chiral character of altermagnets, aris-
ing from momentum-dependent spin splitting in the elec-
tronic structure. As a result, CrSb possesses anisotropic
magnon transport, which could give rise to nonrecipro-
cal spin-wave dynamics and unconventional magnonic ef-
fects.

To gain insight into magnon lifetimes, we analyze the
half-width at half-maximum (HWHM) of the interact-
ing spectral function along the L-T-L’ direction for CrSb,
as shown in Fig. 4(c). The magnon lifetimes along the
full high-symmetry path L-I'-K-M-I'-A-M in the Brillouin
can be found in Fig. S3 of the Supplementary Informa-
tion [50]. In our notation, the HWHM, which corre-
sponds to the magnon damping rate, is denoted by §
in the figure. The magnon lifetime 7 is then given by
the relation 7 = h/d, where h = 6.582 x 1074 eV-ps is
the reduced Planck’s constant. Our results show that
among the split magnon branches, the higher-energy
mode consistently exhibits larger HWHM values, indi-

cating stronger damping for magnons with higher exci-
tation energies. This trend is expected, as higher-energy
magnons have a larger phase space for decay into Stoner
excitations, leading to shorter lifetimes. Along the I'-L
and T'-L/ directions, the HWHM follows a quadratic in-
crease from the I' point reaching a peak value of 40 meV
at an intermediate wave vector before decreasing non-
monotonically with oscillations to about 10 meV at the
L (L' ) point. These oscillations suggest an interaction
between magnons and the underlying electron-hole ex-
citations in different momentum regions. This damping
can be approximated as § = ag?, with o = 85 meV A2
for ¢ € {T',L} and 55 meV A2 for ¢ € {I', K}. This direc-
tional dependence of « highlights the anisotropy in the
damping behavior along different directions in momen-
tum space. The highest magnon damping occurs along
the I'-M direction (see Fig. S3 in the Supplementary In-
formation [50]), where the HWHM reaches 60 meV near
the M point, corresponding to the shortest magnon life-
time. In contrast, along the I'-K path, the damping re-
mains relatively smooth, with a maximum HWHM of 20
meV, indicating longer-lived magnons in this direction.
The magnon lifetime at the A point at the end of the
I'-A line along k. direction yields 40 meV. These find-
ings demonstrate the strong wavevector dependence of
magnon lifetimes in CrSb and highlight how the interplay
between magnon excitations and Stoner decay channels
governs magnon stability in metallic altermagnets. From
the estimated values of HWHM), we find that magnon life-
times in CrSb vary from a few femtoseconds in strongly
damped regions (e.g., near the M point, see Supplemen-
tary Information [50]) to over 60 fs in regions of lower



damping (e.g., at the L point). This variation high-
lights the critical role of wavevector-dependent Stoner
excitations in determining the stability of magnons. The
relatively smooth HWHM profile along the I'-K direc-
tion suggests that this path is more favorable for long-
lived magnon transport, whereas the pronounced damp-
ing near M indicates efficient magnon decay into electron-
hole pairs.

To extend our analysis beyond CrSb, we present the
magnon dispersions along the I'-L direction for VSb,
CrAs, and CrBi in both their relaxed lattice parameters
and in the CrSb lattice constant, as summarized in Ta-
ble I and shown in Fig. 5. These results reveal substantial
variations in magnon energies and band splitting across
different compounds, reflecting the interplay between lat-
tice structure, magnetic moments, and electronic spin
splitting. Among the three compounds, VSb exhibits the
most striking behavior, featuring a strong magnon band
splitting of 40 meV in its relaxed structure, comparable
to CrSb. However, its maximum magnon energy remains
relatively low, reaching only 75 meV along the I'-L di-
rection. When the lattice parameters are fixed to those
of CrSbh, the magnon bands change substantially; while
the maximum magnon band splitting remains nearly the
same, the magnon energies nearly double, highlighting a
strong lattice-dependent modification of magnon dynam-
ics. For CrAs, the magnon dispersion follows an expected
linear increase near the I' point before reaching 120 meV
in its relaxed structure and 170 meV in the CrSb lattice.
This increase suggests that CrAs possesses higher-energy
magnons than VSb, consistent with its larger magnetic
moment (2.51 pp vs. 1.77 pup in VSb). Despite this,
the magnon band splitting remains relatively modest at
18 meV in the relaxed lattice and 25 meV in the CrSb lat-
tice, indicating that its chiral magnon effects are less pro-
nounced compared to CrSb and VSb. In contrast, CrBi
exhibits high-energy magnons, reaching 210 meV in both
lattice settings, with a moderate magnon band splitting
of 36 meV in the relaxed lattice and 43 meV in the CrSb
lattice. While CrBi has a strong exchange interaction, as
reflected in its high magnetic moment (3.24 ug), its chiral
magnon effects are weaker than in CrSb. However, at the
L point, CrBi and CrSb display similar magnon energies,
indicating that both compounds have comparable effec-
tive exchange couplings in this momentum region. This
suggests that despite differences in overall magnon band
splitting and anisotropy, CrSb and CrBi share fundamen-
tal similarities in their exchange interactions at specific
points in the Brillouin zone.

DISCUSSION

Our DFT results are in good agreement with known
experimental and computation results. Concerning the
experimental data, we mostly compare with CrSb, as this
system is well-studied theoretically and experimentally.
The relaxed lattice parameters of CrSb lie within the ball

park of earlier studies [45, 46]. The lattice parameters of
VSb deviate approximately by 4% and 6% from the ex-
perimental a and ¢ values, respectively [49]. To the best
of our knowledge, there are no experimental studies re-
porting CrAs or CrBi in the NiAs-type crystal structure.
The calculated magnetic easy axis along the z-direction
for CrSb is in line with prior results [51], and the spin
splitting near the Fermi level agrees well with experi-
mental observations [46]. The energetics of our calcula-
tions are in the right ball park of experimental results.
For example, we roughly estimated the Curie tempera-
ture of CrSb to 875 K instead of the experimental value
700 K and the antiferromagnetic resonance energy, dis-
cussed below, to 12 meV in excellent agreement with the
12.3 meV measured at 11 K.

Key characteristic of the magnon dispersion of alter-
magnets is the chiral magnon splitting. Our MBPT study
demonstrates that metallic g-wave altermagnets (T Pn,
where T = V,Cr; Pn = As,Sb,Bi) with A-type Néel
vector exhibit a typical antiferromagnetic magnon disper-
sion with an additional chiral split magnon excitations,
in the same reciprocal space directions where electronic
bands show spin splitting. Among the investigated com-
pounds, CrSb shows the strongest magnon band splitting
of 52 meV at about q = (0.28,0,0.28) (in units of the re-
ciprocal lattice vectors), i.e., somewhat beyond middle of
the I'-L path. A similar large splitting we find on the path
A-M around (0,0,0.25), but with rapid variations along
the path. However, we did not find a one-to-one corre-
spondence between the size of the magnetic moment, the
electronic spin-splitting and the chiral magnon splitting.
For example, Cr in CrBi in the bulk lattice constant has
the largest Cr magnetic moment, but the largest spin-
splitting and the largest chiral magnon splitting is ex-
hibited by CrSb. On the other hand, CrBi strained to
the lattice constant of CrSb, has the largest spin-splitting
but not the largest chiral spitting of the magnon excita-
tion. CrSb shows only the second highest magnon en-
ergy of about 200 meV along the path I'-L although the
magnon-splitting is largest. The chiral splitting of CrSb
has recently been determined also by linear spin wave
theory on top of Heisenberg exchange parameters deter-
mined by DFT and a maximum value of 22 meV was
found on the path I'-L [47], which is significantly smaller
than our MBPT data.

VSb, on the other hand, combines a moderate magnon
band splitting with relatively low-energy excitations.
These low-energy magnons fall within the typical detec-
tion range of inelastic neutron scattering (INS), suggest-
ing that VSb could be a viable candidate for future ex-
perimental studies of chiral split magnons. Interestingly,
VSb displays on an otherwise smooth and monotonically
increasing trend a sudden and pronounced dip followed
by a sharp recovery in the magnon dispersion at an inter-
mediate wavevector along the I'-L direction indicative of
a magnetic phase transition toward a more complex spin-
spiral ground state. Taking VSb in the lattice constant
of CrSh, the sudden drop off in the dispersion is absent,



which implies that this phase transition is susceptible to
strain and alloying. This warrants further investigation
beyond the scope of this work.

An important topic is magnon damping, which can
occur through the decay of the magnon via the electron-
electron interaction into the Stoner continuum, through
the spin-orbit interaction and through magnon-magnon
scattering. In this work, the focus is on the former. Since
the systems are metallic, this relaxation channel is ex-
pected to provide the largest contribution to damping.
Damping shows a very interesting behavior across the
BZ. It can be different for the two chiral modes. Of
course, we expect that the damping increases with the
magnon energy. In CrSb, damping is particularly strong
along the I'-M direction (80 meV, see Fig. S3 in Sup-
plementary Materials [50]), it is about 15 meV at the L
point, about 20 meV at the K point. It remains relatively
weak around the I" point leading to long-lived magnons in
specific regions of the Brillouin zone. From the I" point
the damping grows quadratically with the wave vector
into the BZ.

Most interesting is the competition between magnon
splitting and magnon damping. Therefore, we inspect
the two splitting active symmetry lines I'-L. and A-M
with particular attention. For CrSb, we find a maxiumx
attenuation of the magnon mode of 40 meV at about
q = (0.21,0,0.21) (more precisely, we find two different
wave vectors of maximum attenuation depending on the
chirality, g+ = (0.22,0,0.22) and q_— = (0.19,0,0.19),
which are close to the q point of largest spin splitting (see
above). However, the magnon damping varies rapidly in
q space, and, by q = (0.28,0,0.28), the magnon damp-
ing has strongly decreased to 04 = 19 and J_ = 17 meV.
Furthermore, away from q = (0.28,0,0.28) towards the
L point, the spin splitting remains sizable, while the
damping is weak. We conclude that the magnon spin
splitting is best observed experimentally around the cen-
ter of the I'-L path, somewhat closer to the L point.
The observability of the splitting can also be read off
from Fig. 3(b), where the experimentally measurable re-
sponse functions develop between (%,O7 %) and (%, 0, %)
two energy-split peaks of two different intensities for the
two magnons of opposite chirality. The maximum peak
splitting of 52 meV and the two line widths at HWHM
of 64 4+ d_ = 36 meV sets a measure for the experimen-
tally required energy resolution of about 20-30 meV at
180 meV excitation energy. Concerning the A-M direc-
tion, for the magnon damping we find again a strong wave
vector, but also a strong chirality dependence (for details
see Fig. 3 in Ref. [50]). At the wave vector of maximum
magnon splitting (49 meV), the damping 64 = 25 meV
and d_ = 20 meV are about the same size as the splitting
energy. Both findings show that the experimental observ-
ability of the chiral magnon splitting can be very wave
vector sensitive. The damping ratios (§/w), or the inverse
of the quality factors of the magnon mode, respectively,
vary along the path and reach values of d/w = 0.07 at
the long-life L point and 0.2 for the short-life mode half-
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way on the high-symmetry path between I' and L. The
ratios are comparable to typical values reported for other
metallic magnets [37]. Since single crystals for CrSb are
grown as plates where the c-axis is perpendicular to the
plate, inevitably this is always like a reference direction
for the growth of the crystal. Therefore, we would like
to encourage the measurement of the magnon lifetime for
the A point (see BZ in Fig. 1), for which we found a value
of 40 meV (HWHM).

To benchmark our results for CrSb, we compare the
extracted damping parameters, ar.x ~ 55 meV-A2,
and ap.p, ~ 85 meV-A?, and spin-stiffness parameters,
Arx = 200 meV-A, and Ar; = 175 meV-A with
inelastic neutron scattering measurements reported by
Radhakrishna and Cable [52]. Their analysis revealed
anisotropy in CrSb, with stiffness constant of A = 266
meV-A, and damping coefficient v = 110 meV-A? along
I'-K direction. Thus, our values are in reasonable agree-
ment with the experimental values of o and A, but on
the smaller side. Within the linear spin wave theory ap-
proximation, as reported in [47], the spin stiffness is ap-
proximately 280 meV A. The discrepancies between our
MBPT results and experiment may be attributed to the
higher measurement temperature in the experiment (295
K). Additionally, our model does not account for SOC ef-
fects and magnon-magnon scattering, which is expected
to contribute in the experimental conditions.

A recent experimental study using resonant inelastic
X-ray scattering (RIXS) with circular polarization has
provided the first direct evidence for the existence of chi-
ral magnon excitations in CrSb [47]. The observed circu-
lar dichroism in the RIXS spectra supports the presence
of two oppositely polarized magnon branches, which is
consistent with our theoretical findings. However, the
limited energy resolution of the experiment prevented a
direct observation of the magnon band splitting, and its
effects were inferred only through polarization-dependent
intensity variations. The study measures magnon ener-
gies along two distinct directions in the Brillouin zone:
along the I'-A direction, where no altermagnetic magnon
splitting is expected, multiple g-points were probed, al-
lowing for a more complete mapping of the dispersion.
In contrast, along the M—A direction, where altermag-
netic splitting of magnon bands is predicted, only a sin-
gle q point was measured, restricting a more detailed
comparison with the theoretical dispersion. This limited
momentum-space coverage prevents a direct experimen-
tal confirmation of the full altermagnetic magnon band
structure predicted by our MBPT calculations.

Despite the experimental constraints limiting a di-
rect verification of magnon splitting, they allow for a
meaningful comparison of overall magnon energies be-
tween RIXS measurements and theoretical models. The
RIXS measurements indicate that the magnon dispersion
reaches approximately 140 meV at the A point along the
I'-A direction and about 150 meV at the single measured
q point along the A-M direction. Our MBPT calcula-
tions closely match the experimental energy at this q



point, while predicting slightly higher energies (162 meV)
at the A point. It is interesting to understand how good
is actually the comparison between our MBPT approach
and an approach based on DFT-extracted exchange pa-
rameters combined with a linear spin-wave model. The
latter has been worked out recently for CrSb in Ref. [47].
The latter significantly underestimates the RIXS magnon
energies along I'-A, yielding only 100 meV at the A point
unless an ad hoc downward shift of the Fermi level by 34
meV is introduced. While our MBPT dispersion is rel-
atively flat along A-M, the linear spin-wave calculations
predict a significant variation from 100 meV to 215 meV
along this path. This suggests that itinerant electron ef-
fects captured in MBPT [34], which are absent in linear
spin-wave approach, may play an essential role in shaping
the magnon dispersion. Another key difference lies in the
predicted magnon splitting along the A-M direction. Our
MBPT calculations yield a splitting of 52 meV, whereas
the linear spin-wave model predicts only 22 meV. Addi-
tional experiments are at need to shed more light compu-
tational description of magnon in metallic altermagnets.

The experimental validation of the predicted magnon
splitting is a challenging experimental objective as re-
quirements to resolve it are at the cutting edge of RIXS,
INS and spin-polarized electron energy loss spectroscopy
(SPEELS) [53-58]. All probes are excellent and probe
either the response function RT~(q,w), which governs
magnon excitations or allow direct measurements of
magnon dispersions and lifetimes by detecting the dy-
namic structure factor S(q,w), proportional to the imag-
inary part of R™7(q,w), but different requirements on
the sample size relative to the available monodomain size
and the required energy resolution relative to the probe
energy may favor one of the methods over the other or
require specific further developments. We encourage ex-
perimental science to address this challenge in the near
future.

The directional and momentum-selective damping in
metallic altermagnets may be advantageous for ultra-
fast magnetization switching applications. In contrast
to magnonic logic circuits that require long magnon life-
times, switching processes benefit from enhanced damp-
ing, which suppresses precessional oscillations and ac-
celerates relaxation. Recent experimental studies have
shown that spin angular momentum carried by magnons
can induce efficient magnetization switching [21], and
that magnonic spin dissipation can enhance spin—orbit
torque—driven reversal in ferromagnetic heterostruc-
tures [22]. In this context, the chiral magnon modes
and anisotropic damping inherent to altermagnets could
be harnessed to generate directional magnonic torques
for fast and controllable spin switching. These findings
point to a broader functional scope for metallic altermag-
nets in symmetry-enabled, field-free spintronic memory
technologies. For energy-efficient magnonic logic devices
based on coherent magnon transport, very low damping
is required, lower than that offered by altermagnetic met-
als. Here, altermagnetic insulators are alternatives to be
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explored.

This directional variation in magnon propagation,
combined with wavevector-dependent damping, suggests
that altermagnets offer a versatile platform for engineer-
ing nonreciprocal magnon excitations. At the end, we
briefly comment on the role of the spin-orbit coupling
(SOC), that was mostly neglected in this work, but has
multiple ramifications such as on the magnon damping,
a further splitting on the electronic bands and the chiral
magnon energies, the formation of the easy Neel axis and
together with the exchange interaction it determines the
antiferromagnetic resonance frequency. Since the mag-
netic moments are in the order of 2 to 3 ugp, correspond-
ing to a spin 1 or 3/2 system, combination of exchange
and spin-orbit interaction maybe lead to a higher-order
biquadratic DMI, not considered sofar. Our calculations
with SOC show that for all systems the easy Néel vector
axis is along the z axis of the NiAs structure, consistent
with experimental data for CrSb [51]. The anisotropy
energy between the easy and hard axis, Eyag, (see Ta-
ble I) increases with the increase of the nuclear number
of the pnictogen atom. We find small associated orbital
moments of Cr whose values increase accordingly. Ob-
viously, due to the d-p hybridization between T-Pn, Pn
determines the size of the MAE. With SOC, the band
structure depends on the direction of the Néel vector rel-
ative to the crystal lattice. The electronic band structure
calculated with SOC and the Néel vector oriented along
the easy z axis of the NiAs lattice is presented for CrSb
in Figure S1 of the Supplementary Information [50]. We
find that the spin-splitting due to SOC is a few percent
of the altermagnetic exchange splitting AE™ (in the or-
der of 10-70 meV depending on k point and band). In
comparison to the altermagnetic band structure without
SOC shown in Fig. 2(a), the effect of SOC becomes ev-
ident in two main aspects. First, SOC lifts band degen-
eracies along high-symmetry lines that are not altermag-
netically active and thus were not previously split. Sec-
ond, it causes the opening of previously crossing bands
within the already split bands along the I'-L and M—A
directions. Changing the Néel vector axis from out-of-
plane to in-plane (x-axis) (not shown in Ref. [50]) does
not change the overall SOC picture, but modifies details
of the SOC induced splitting. From the changes of the
band structure in the 10-70 meV range, we conclude that
the effect on the chiral magnon splitting is negligible.

With inclusion of the SOC, an excitation gap Awagr
emerges in the magnon-spectrum of antiferromagnets at
I', whose associated frequency known as antiferromag-
netic resonance (AR), is related to the uniform precession
modes of the sublattice magnetizations. It is a result of
the spin-orbit coupling through the magnetic anisotropy
energy, Fnvag, combined with the Heisenberg-type ex-
change energy, Fx. For easy-axis antiferromagnets with
magnetic moments of the two sublattices pointing in the
direction £z, in absence of an external magnetic field,
the gap energy hwar = \/EMAE(EMAE + 2Ex) [8] of the
two modes of the two sublattices are degenerate. Since




the Fyiag is orders of magnitudes smaller than Fyx, we
can approximate iwar by iwar ~ vV2EyagpFEx. For an-
tiferromagnets, the magnetic anisotropy energy is simply
the magnetocrystalline energy, i.e. the energy difference
between the easy and hard Néel vector axis. Focusing
on CrSb, the exchange energy per atoms can be read off
as Fx = Eapnm—rMm from Table I to Fx = 180 meV and
Eniag = 0.42 meV, which results into a resonance energy
of 12.3 meV in excellent agreement to the measured value
of 12 meV at 11 K [52].

METHODS

Our study employs a combination of two different DF'T
methods and MBPT to describe the structural, elec-
tronic, magnetic, and spin excitations in the considered
metallic g-wave altermagnets (T'Pn, where M = V, Cr;
Z = As, Sb, Bi). The computational workflow com-
prises three main steps: (i) structural optimization us-
ing the QUANTUMATK code [59, 60], (ii) electronic and
magnetic structure calculations using the full-potential
linearized augmented-plane-wave (FLAPW) method im-
plemented in the FLEUR code [61], and (iii) spin exci-
tation calculations using the T-matrix approach, which
is implemented within the SPEX code [34, 36, 62] and
utilizes Wannier functions generated by the WANNIER90
code [63, 64].

Crystal structure optimization

The equilibrium lattice parameters (a, ¢) of all studied
compounds were determined using the QUANTUMATK
software package [59, 60]. We used a linear combination
of atomic orbitals (LCAO) as a basis set, together with
norm-conserving PseudoDojo pseudopotentials [65] and
the Perdew-Burke-Ernzerhof (PBE) parametrization of
the GGA functional [66]. The Brillouin zone was sam-
pled using a 16 x 16 x 12 Monkhorst-Pack k-point grid
[67]. Structural relaxation was carried out until the forces
on each atom were reduced below 107 eV/A, ensuring
accurate determination of the lattice constants.

Electronic and magnetic structure calculations

Following structural optimization, electronic and mag-
netic property calculations were conducted using the full-
potential linearized augmented plane wave (FLAPW)
method, as implemented in the FLEUR code [61]. The
GGA functional with PBE parameterization [66] was
used to describe exchange-correlation effects. The ba-
sis set, augmented for V and Cr atoms by local 3s and
3p orbitals, is included up to a reciprocal cutoff radius
of Kpax = 4 bohr~! and an angular momentum cutoff
of lnax = 10 within the muffin-tin spheres. The muffin-
tin sphere radii were set to 2.51 ag and 2.59 ag for Cr
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and Sb in CrSb, respectively. In the relaxed structures,
CrAs had radii of 2.35 ag for both Cr and As, while CrBi
had 2.54 ay for Cr and 2.80 ag for Bi. Similarly, in VSb,
both V and Sb were assigned a radius of 2.56 ag. Com-
pounds adopting the lattice parameters of CrSb retained
the same muffin-tin radii as Cr and Sb. The Brillouin
zone was sampled with a 16 x 16 x 12 k-point mesh, en-
suring well-converged electronic structures. Two differ-
ent magnetic structures had been studied, the FM and
the collinear layered c-axis AFM order. The calculations
where carried out in the same unit-cell to produce reliable
energy differences.

SOC effects are in principle neglected in this work and
are therefore also initially neglected in the electronic and
magnetic structure calculations. To better understand
the magnetic ground state and the energy gap at the I'-
point relevent for the antiferromagnetic resonance, we de-
termined the easy magnetization axis and the crystalline
magnetic anisotropy energy Fyap. We carried out self-
consistent total energy calculations including SOC for
two magnetization directions, along the out-of-plane, z
direction and along the in-plane, x axis. The energy dif-
ference amounts to Eyag. Convergence was achieved
with a 41x41x30 k-point set in the full BZ. This allows
us to determine the easy axis and orbital moments of V
and Cr for all compounds in their relaxed ground state
structures. The impact of SOC in the out-of-plane direc-
tion on the band structure of CrSb is presented in Fig. S1
in the Supplementary Information [50].

Spin excitation calculations

The spin-wave calculations are based on MBPT. We
outline the main theoretical framework in the following
and refer the reader to Refs. 34 and 35 for details. The
transverse magnetic response function is formally given
by the functional derivative RT~(1,2) = dm™(1)/dB*(2)
with the magnetization density m™(1) and a perturb-
ing magnetic field B*(2) where 1 = (r,t), 2, etc. are
space-time coordinates. Here, the superscript ”+"” refers
to a right-handed (with respect to the majority spin di-
rection) sense of circular polarization, which identifies
R (1,2) as the transverse spin susceptibility; dm™* and
dBT lie in the plane perpendicular to the spin polariza-
tion. The connection to Green-function theory is estab-
lished by m* (1) = —2iG*"(1,1%) with the time-ordered
single-particle Green function G’ (1,2) and 1T = (r, t+
07). Carrying out the functional differentiation and us-
ing the Dyson equation Ggeo' ! = Gg"/_l — %97 (in ma-
trix notation) with the non-interacting Green function
and the GW approximation for the electronic self-energy
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The T matrix and also the two-particle Green function
iG+(1,2)G"(3,4) depend on four points in space-time. In
order to be able to perform calculations, we have to in-
troduce a few simplifications and approximations. First,
the fact that the Hamiltonian is time-independent re-
duces the number of independent time variables to three.
We then assume that W (1,2) acts instantaneously, i.e.,
the two time variables are identical. This leaves us with
a single time variable and, after Fourier transformation,
with a single frequency w. As a function of w, W(1, 2;w)
is constant, and we set W (1,2;w) = W (1,2;w = 0). This
static approximation is justified by the fact that magnon
energies lie far below the material’s plasma frequency,
where W (w) varies slowly.

We then represent all quantities, including the two-
particle Green function K+t~ = iG'GT, in terms of
a product basis {wrn(r)wr/w (r')} of maximally local-
ized Wannier functions (MLWFs) {wgr,,(r)} where R de-
notes an atom position vector. This allows us to trun-
cate the screened interaction Wgry R/n' = WRn,Rn/ORR/ -
Inserting the solution of the Bethe-Salpeter equation,
Eq. (2), into Eq. (1) and projecting from left and right
onto a plane wave exp(ikr) then finally yields the mag-
netic response function R(k,w). The T-matrix approach
sketched above is implemented in the SPEX code. The
maximally localized Wannier functions (MLWFs) were
constructed from first-principles FLAPW calculations us-
ing the WANNIERIO library. MLWFs provide an effective
low-energy representation for the T-matrix calculations.
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The correlated Hilbert space of the T'Pn compounds in-
cludes the 3d orbitals of Cr (or V) and the p orbitals
of the Pn atom. Given that the unit cell contains four
atoms, we constructed a total of 16 Wannier orbitals,
comprising 10 orbitals with 3d character and 6 orbitals
with p character. The screened Coulomb interaction W
was computed within the random-phase approximation
(RPA) using a mixed product basis set. For this calcula-
tion, we included 350 unoccupied states, and the result-
ing screened interaction was subsequently projected onto
the MLWF basis. The screened Coulomb interaction W
was computed using a coarse k-point mesh of 12 x 12 x 8,
as it converges rapidly with respect to k-point sampling.
In contrast, the evaluation of R required a denser k-point
mesh of 40 x 40 x 40 to ensure numerical accuracy.

In practical implementations, the magnetic response
function K and the screened Coulomb interaction W are
computed using Kohn—-Sham Green’s functions, which
can lead to a violation of the Goldstone condition [68]. To
correct for this and ensure gapless magnon excitations at
q — 0, we apply a material-dependent scaling W — (W.
This adjustment restores the correct low-energy behavior
of the magnon dispersion without altering its overall fea-
tures. The values of ¢ used for each material are provided
in the Supplementary Material.
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