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Alternating spin splitting of electronic and magnon bands
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Unconventional antiferromagnetism dubbed as altermagnetism was first discovered in rutile structured magnets, which
is featured by spin splitting even without the spin—orbital coupling effect. This interesting phenomenon has been discovered
in more altermagnetic materials. In this work, we explore two-dimensional altermagnetic materials by studying two series
of two-dimensional magnets, including MF4 with M covering all 3d and 4d transition metal elements, as well as 'S, with
T =V, Cr, Mn, Fe. Through the magnetic symmetry operation of RuF4 and MnS,, it is verified that breaking the time
inversion is a necessary condition for spin splitting. Based on symmetry analysis and first-principles calculations, we find
that the electronic bands and magnon dispersion experience alternating spin splitting along the same path. This work paves
the way for exploring altermagnetism in two-dimensional materials.

Keywords: two-dimensional altermagnetic materials, altermagnetism, spin splitting, first-principles calcula-

tions
PACS: 75.50.Ee, 61.50.Ah, 11.55.Fv

1. Introduction

Antiferromagnetic materials have received widespread
attention due to their scalability and high stability against
magnetic field disturbances. Unlike ferromagnetic materi-
als with all local magnetic moments pointing along the same
direction,[!?! antiferromagnetic materials possess alternating
local magnetic moments at different magnetic atomic sites
compensating with each other, so the net magnetization is
zero.3-01 The electronic states in conventional antiferromag-
netic materials exhibit no spin polarization anywhere within
the reciprocal space. The electronic energy band is thus
spin degenerate and preserves the time-reversal symmetry
if one neglects the spin—orbital coupling (SOC). Recently,
unconventional antiferromagnetism was discovered in rutile-
structured magnets with collinear compensated magnetism.
The time-reversal symmetry is broken in these materials and
the electronic structure exhibits momentum-dependent spin
splitting even without considering the SOC, which is dif-
ferent from the conventional antiferromagnetism. This new
unconventional antiferromagnetic phase is referred to as the
altermagnetism. "]

The altermagnet can be viewed as two interpenetrat-
ing ferromagnets with opposite magnetizations that generates
spin-splitted Fermi surface due to the local anisotropy in the
crystal potential.l'%! The spin splitting in collinear altermag-
nets within the non-relativistic regime was analyzed using the

7,11-13

spin space group theory.! I Analysis of the spin struc-
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ture motif helps to provide geometric insights into the mo-
mentum dependence and the size of spin splitting.!'*! The
spin-splitted Fermi surface contributes to spin Seebeck!!>~1%]
and spin Nernst effects.[?%?!] The symmetry of the recipro-
cal spin order parameter would also be reflected in the spectra
of spin waves and other spin-related quasi-particles. The two
magnons with opposite chirality become non-degenerate be-
cause of the anisotropic exchange coupling.??! The resulting
longitudinal and transverse spin currents in antiferromagnetic
insulators lead to spin thermal transport.>?!

A list of altermagnetic materials, including RuO,,
MnTe,, RuF4, Mn3Sn, MnS;, LaMnO3 and many others,
have been predicted using first-principles calculations.!”-8]
Recently, the alternating spin splitting in MnTe, has been

[2425] The altermagnetism in two-

verified in experiments.
dimensional magnets has drawn special attention recently.
Twist of non-altermagnetic bilayers leads to non-relativistic

(261 Although spin splitting in altermagnetic ma-

spin splitting.
terials has been found experimentally and theoretically, both
the classification and the theoretical explanation of spin split-
ting in altermagnetic materials have been studied. However,
the role of magnetic symmetry in spin splitting is not clear.

In this work, we explore the altermagnetism in two series
of two-dimensional magnetic materials., namely, MF4 with M
ranging all 3d and 4d transition metals, and TS, with T = Cr,
Fe, V, Mn. We study the electronic structure and the magnon

dispersion using first-principles method. Without spin—orbital
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coupling, we find that both the electronic energy band and
magnon bands in RuF4 and MnS; structures have spin split-
ting in the same Brillouin zone. Through the analysis of its
symmetry, we elucidate the effects of twisting non-magnetic
atoms and lattice symmetry on spin splitting.

2. Computational details

Density functional theory calculations were carried out
using the Vienna ab initio simulation package (VASP)!?7-281
and the OpenMX package.?>3l In VASP calculations, we
added Hubbard correction with Ug = 3 eV for d-orbitals of
transition metal ions.3!! We adopted the generalized gradi-
ent approximation of the exchange—correlation functional by
Perdew, Burke, and Ernzerhof (PBE). 32 The electronic wave
functions were expanded using the plane wave basis set with
a kinetic energy cutoff of 500 eV. A uniform 5 x5 x 1 k-
mesh was used for atomic structure relaxation until the resid-
ual forces on atoms smaller than 1073 eV/A. In OpenMX cal-
culations, the electronic wave functions were expanded us-
ing pseudo atomic basis orbitals of Mn10.0-s3p3d3f1, S9.0-
$3p3d2f1 and Ru7.0-s2p2d2f1, F6.0-s2p2d1. The energy cut-
off was set to 230 eV, and no spin—orbital coupling effect was
considered.

The magnetic interaction parameters were calculated us-
ing two different methods, namely, the four-states method 33!
and the Green’s function method.**! We built 3 x 3 x 1 su-
percells and calculated the total energies of different mag-
netic configurations and then fed them into the four-states
method for extracting magnetic interaction parameters.>>37]
The TB2J Python package!**! implementing Green’s function
method along with OpenMX was also used for computing the
magnetic interaction parameters between local magnetic mo-
ments. The TB2J approach is more computationally cheap and
is more robust for materials with strong magnetic interactions.
We calculated magnon dispersion using the results from TB2J.

3. Results and discussion

We have studied two different series of 2D antiferromag-
netic materials. These materials are all square lattices, but
those lattices’ structure and symmetry are different. The first
series is MF4, with M ranging from 3d to 4d transition metals.
DFT calculations predict that only RuF4 and VF, exhibit spin
splitting in their band structures, while CuF4, PdFs and AgF4
are ordinary antiferromagnetic metals. All other MF,4 materi-
als are ordinary antiferromagnetic insulators with the spin-up
bands overlapping with spin-down bands. The second series
of materials studied in this work is 7S, with T ranging from
3d to 4d transition metals. Our calculations show that FeS;
and MnS; possess the antiferromagnetic phase as the ground
state and exhibit altermagnetic band structures.

In the following, we only discuss results of RuFs and
MnS, as representatives of the two series of 2D antiferromag-
netic materials possessing altermagnetic properties. Based on
their lattice structures, we employ the group theory to ana-
lyze the spin splitting in the electronic band structure and the
splitting in magnon dispersion relation. Our DFT calculations
reproduce the group theory results and confirm these two ma-
terials as altermagnetic 2D materials.

3.1. The atomic structure and lattice stability

Monolayer RuF, can be described using the space group
of P21/c (No. 14). Each primitive cell is composed of two Ru
atoms and eight F atoms shown in Fig. 1(a). A Ru atom is sur-
rounded by an octahedron formed by six nearest-neighboring
F atoms. The Ru—F-Ru bond angle is 138°. The experimental
lattice constants of bulk RuF4 are a = 5.6 A, b =4.95 A, and
¢ = 5.4 A.133% The RuF, atomic layers are stacked along the
[101] direction with van der Waals interaction between adja-
cent layers. Our DFT calculations predict lattice constants of
a=>5.43 A and b = 5.2 A for the monolayer, in good agree-
ment with the experimental data. The calculated local mag-

netic moment on each Ru ion is about 1.5 ug. 18!
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Fig. 1. (a) and (b) Top and side views of RuF4 and MnS,, respectively.
The red atoms represent spin up and the blue atoms represent spin down.
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MnS; has a different atomic structure from RuF;. MnS,
has a planar structure with two Mn atoms carrying opposite
magnetic moments within its unit cell, see Fig. 1(b). Here the
red atoms represent spin up and the blue atoms represent spin
down. The crystal structure of MnS; can be described using
the space group of p4/mbm (#127), which is higher than that
of RuF4. The top view shows that two Mn ions and three S
ions form a pentagon. The calculated local magnetic moment
on each Mn ion is 2.7 ug, which is close to that of a nominal
Mn** ion with 3 ug. The optimized lattice constant is 5.68 A.
The calculated phonon spectrum as shown in Fig. 2 exhibits no
imaginary frequencies, confirming that the monolayer MnS,
and RuF, are stable. Figure 2(c) shows the Brillouin zone of
MnS; and RuFj,.
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Fig. 2. The calculated phonon spectra of (a) RuF4 and (b) MnS,. (c) The first Brillouin zone of RuF4 andMnS; and high-symmetric points.

3.2. Symmetry analysis

Before discussing the calculated band structure, we first
carry out symmetry analysis on the spin splitting in the
band structure. We ignore the spin—orbital coupling effects
in the following analysis. In our study, we have adopted
a unique system that treats the two spin channels as dis-
tinct colors, namely, black and white symmetry, as proposed
by Lifshitz.[*°) This conceptualization allows us to represent
the magnetic atoms with opposing local magnetic moments
through these contrasting colors. We denote a symmetry op-
eration that swaps these colors as 7. It is important to note
that this T operation is analogous to the standard time-reversal

symmetry operation, but it crucially does not alter the wave

vector. Instead, it focuses on the exchange of colors, which
is a reflection of the spin channels. Our crystallographic op-
erations are designed to affect only the spatial positions of
the atoms, leaving the color (or spin state) of each atom un-
changed. For example, the spatial-only mirror operation M
transforms the spatial coordinates from (x,y) to (y,x) and the
reciprocal space coordinates from (ky,ky) to (ky, k). This op-
eration is purely spatial and does not involve any change in the
spin state. As illustrated in Fig. 1(b), the composite symme-
try operation for the MnS, material involves a combination of
T and M along the indicated dashed line. This combination
encapsulates the symmetry properties of the material under in-
vestigation
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Fig. 3. (a) Schematics of the band structure of two-dimensional magnets with the same crystal symmetry as MnS,, with red and blue indicating
different spin bands, 7 is the midpoint of the X—Y path. (b) Effect of symmetry operations: T is the time reversal operation; C4 stands for the
rotational operation by 7t/2; M represents a mirror operation in the [110] direction. The dots and crosses represent different spins. Under the
combined time-reversal (7') and mirror (M) operations, no splitting occurs along the '-M and I'-V paths (c), however, splitting occurs along

the X—Y path (d).

We start from MnS, which has a higher symmetry. The
rotations by 90°, 180°, and 270° around the out-of-plane di-
rection transform the crystal to its original state shown in
Fig. 3(b). Therefore, MnS, has a four-fold rotational sym-
metry. The group theory tells that the dispersions of electronic
states, magnons, and other quasiparticles obey the crystal sym-
metry: E(k) = E(Csk), where k is a general point in the re-
ciprocal space, Cy is the rotational operation by 90° and E (k)
is the quasiparticle energy at this k-point. In the first Brillouin

zone, the X -point is transformed to Y -point by rotation of 90°,

and the M-point rotates to V-point. The group theory predicts
that quasiparticle dispersions along the I'-X and I'-Y paths
are degenerate, and so do the I'-M and I'-V paths. Because
they have rotational and mirror symmetries.

If one ignores the spin of Mn ions, the spatial-only mir-
ror operation with respect to the plane containing the out-of-
plane direction and the [110] direction, we call it M, is another
symmetry operation. However, if one takes the spin into ac-
count, M is no longer a symmetry operation because it brings

up-spin to down-spin and down-spin to up-spin. The M oper-
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ation brings the X-point to the Y-point and Y to X. Therefore,
the energy bands on the X-Y path are not spin-degenerate and
possible to show spin splitting.

After the spatial-only mirror operation, one needs an anal-
ogous to the standard time reversal symmetry operation to re-
turn to the initial state (T'). So the combined operation TM is
a black and white symmetry operation. This fact results in the
spin-degeneracy along the I'-X, I'-Y, I'-M and I'-V paths,
see Fig. 3(c). From Fig. 3(d), one can see that the spin up
(down) energies on the N—X path are equal to the spin down
(up) energies on the n-Y path. Therefore, the dispersion along
the X-Y path is symmetric with respect to its middle point 1,
but with opposite spin.

The RuF4 monolayer has a lower symmetry than MnS,,
for the the two extra F anions upper and lower than the Ru
atomic layer in RuF, are not directly above the Ru atom. Crys-
tal symmetry analysis shows that under the combined two-fold
rotation around the [010] direction and translation operation,
the RuF, crystal returns to its original configuration. RuFy is
short of four-fold rotational symmetry, which leads to addi-
tional band splitting along the I'-M and X-Y paths.

3.3. Electronic and magnon dispersions

The calculated spin-resolved electronic band structure of
MnS, monolayer is shown in Fig. 4(a). As expected from
the above symmetry analysis, MnS, exhibits spin splitting in
the electronic structure along the X—n-Y path. The energy of
spin-up bands along the n—X path is identical to the spin-down
bands along the n—Y path. The same band structure along
I'-X and along I'-Y is the result of the four-fold rotational
symmetry. These features in the calculated electronic structure
agree with our previous symmetry analysis. The spin-splitting
energy can reach as large as 0.24 eV along I'-X and along
I'-Y, which is much larger than that in VF4 of 50 meV. (41]
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Fig. 4. (a) and (b) Band structure and magnetic dispersion of MnS,.

They both experience splitting on X-Y. (c) and (d) Band structure and

magnetic dispersion of RuF4. They exhibit splitting on X-Y and I'-M.
We also calculated the dispersion of magnon in MnS,
monolayer. The Heisenberg exchange interaction strength be-
tween local magnetic moments on Mn atoms was obtained

using the TB2J code interfaced with OpenMX. The obtained
values are J; = 18 meV, J, = 0.1 meV, J3 = —1.3 meV,
Jy =0.23 meV, J5 = —0.06 meV, Jg = 0.28 meV. The J; term
refers to the exchange interaction with nearest neighboring Mn
ions. The value J is positive and its magnitude is much larger
than the others, consistent with the antiferromagnetic ground
state.

The meanings of other terms are illustrated in Fig. 5. The
symmetry of MnS; crystal only allows distinct magnetic in-
teractions among the seventh nearest neighbors. The J; and
J;, the magnetic interactions along the [-120] and [120] di-
rections, respectively, have different values: J; = —0.07 and
J; = 0.013. Although the magnitudes of both J; and J; are
much smaller than that of J;, they break the symmetry and
lead to the splitting of magnon bands along the X-Y paths,
as shown in Fig. 4(b). Comparing the electronic structure in
Fig. 4(a), one can see that the splitting of electronic bands and
magnon bands occurs along the same path.

Fig. 5. The magnetic exchange interaction between different Mn atoms
in MnS;, where J7 and J7 are not equal.

Next we discuss the calculated results of RuF4 monolayer.
Consistent with the above crystal symmetry analysis, the elec-
tronic bands show spin splitting along the X—Y path as the case
of MnS,; in addition spin splitting occurs also along the I'-M
path due to its lower symmetry than MnS.

The magnetic exchange interactions among Ru ions were
calculated using the four-state energy mapping method. Us-
ing a 3 x 3 x 1 supercell, we obtained J; = 2.76 meV and
J> =0.30 meV. The positive value of J; guarantees the antifer-
romagnetic ground state. Because of the lower symmetry, the
exchange interactions with the third nearest neighbors already
have two distinct values of J3 = 0.12 meV and J5 = 0.26 meV.
The calculated magnon dispersion relation using these mag-
netic exchange interactions is plotted in Fig. 4(d). The magnon
bands split along the I'-M and X-Y paths, exactly where the
electronic band exhibits spin splitting.
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4. Conclusion

In conclusion, we studied the altermagnetism in two se-
ries of two-dimensional magnetic materials, including MF4
and T'S;. The spin splitting in the electronic structure and the
splitting of magnon bands in RuF; and MnS; were analyzed
in detail using the crystal symmetry and calculated using first-
principles method. This work extends the investigation of al-
termagnetism to two-dimensional materials. The spin Seebeck
effect refers to the spin voltage produced by the temperature
gradient, which can be significantly influenced by the struc-
ture of the spin-polarized bands we find in the material. Sim-
ilarly, spin energy effects, including the generation of trans-
verse voltages in response to a temperature gradient, can also
be modulated by the presence of a splitting band. These ef-
fects are crucial in the fields of spintronics and thermoelectric-
ity, where manipulation of spin degrees of freedom can lead to
new applications.
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