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Spin-orbit coupling is a key to realize many novel physical effects in condensed matter physics,
but the mechanism to achieve strong spin-orbit coupling effect in light element antiferromagnetic
compounds has not been explored. In this work, based on symmetry analysis and the first-principles
electronic structure calculations, we demonstrate that strong spin-orbit coupling effect can be real-
ized in light element altermagnetic materials, and propose a mechanism for realizing the correspond-
ing effective spin-orbit coupling. This mechanism reveals the cooperative effect of crystal symmetry,
electron occupation, electronegativity, electron correlation, and intrinsic spin-orbit coupling. Our
work not only promotes the understanding of light element compounds with strong spin-orbit cou-
pling effect, but also provides an alternative for realizing light element compounds with an effective

strong spin-orbit coupling.

Introduction. Spin-orbit coupling (SOC) is ubiquitous
in realistic materials and crucial for many novel physical
phenomena emerging in condensed matter physics, in-
cluding topological physics [IH3], anomalous Hall effect
[], spin Hall effect [2] [6], magnetocrystalline anisotropy
[7] and so on. For instance, quantum anomalous Hall
(QAH) insulators are characterized by non-zero Chern
numbers [§]. The Chern number is derived from the inte-
gration of Berry curvature over the occupied state of the
Brillouin zone (BZ). For collinear ferromagnetic and an-
tiferromagnetic systems, the integral of Berry curvature
over the occupied state of the Brillouin zone must be zero
without SOC due to the spin symmetry {C5-T||T}. Here
the C5- and T represent the 180 degrees rotation perpen-
dicular to the spin direction and time-reversal operation,
respectively. Therefore, QAH effect can only be real-
ized in collinear magnetic systems when SOC is included
[9, [10]. On the other hand, strong SOC may open up a
large nontrivial bandgap, which is very important to re-
alize QAH effect at high temperatures. In general, strong
SOC exists in heavy element compounds. Unfortunately,
the chemical bonds of heavy element compounds are
weaker than those of light element compounds, which
leads to more defects in heavy element compounds. Thus,
the stability to realize exotic functionalities in heavy el-
ement compounds is relatively weak.

An interesting question is whether the strong SOC ef-
fect can be achieved in light element compounds. Very
recently, Li et al. demonstrated that the SOC can be en-
hanced in light element ferromagnetic materials, which
derives from the cooperative effects of crystal symme-
try, electron occupancy, electron correlation, and intrin-
sic SOC [II]. This provides a new direction for the design
of light element materials with strong effective SOC.
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Very recently, based on spin group theory, altermag-
netism is proposed as a new magnetic phase distinct from
ferromagnetism and conventional collinear antiferromag-
netism [12] [13]. Moreover, altermagnetic materials have
a wide range of electronic properties, which cover met-
als, semi-metals, semiconductors, and insulators [13, [14].
Different from ferromagnetic materials with s-wave spin
polarization, altermagnetic materials have k-dependent
spin polarization, which results in many exotic physical
effects [12, 13, I5H2T]. With spin-orbit coupling, similar
to the case of ferromagnetic materials, the time-reversal
symmetry-breaking macroscopic phenomena can be also
realized in altermagnetic materials [I0, 22H24]. Never-
theless, altermagnetism is proposed based on spin group
theory and the predicted altermagnetic materials basi-
cally are light element compounds [I3] I4]. Therefore,
it is very important to propose a mechanism to enhance
SOC in light element compounds with altermagnetism
and predict the corresponding compounds with strong
SOC effect.

In this work, based on symmetry analysis and the first-
principles electronic structure calculations, we predict
that the light element compound NiFg3 is an 2-wave al-
termagnetic material with extremely strong SOC effect.
Then, we propose a mechanism to enhance SOC effect
in light element compounds with altermagnetism, which
reveals the cooperative effects of crystal symmetry, elec-
tron occupation, electronegativity, electron correlation,
and intrinsic SOC. We also explain the weak SOC effect
in altermagnetic materials VF3, CrF3, FeF3, CoFs.

Results and discussion. The NiF3 takes rhombohedral
structure with nonsymmorphic R — 3¢ (167) space group
symmetry, as shown in Fig. [I[(a) and (b). The corre-
sponding elementary symmetry operations are Cs,, C%t
and I, which yield the point group Dsq. The t repre-
sents (1/2, 1/2, 1/2) fractional translation. To confirm
the magnetic ground state of NiF3, we consider six dif-
ferent collinear magnetic structures, including one ferro-
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FIG. 1. The crystal structure and six collinear magnetic structures of NiFs. (a) and (b) are side and top views of the crystal
structure, respectively. The cyan arrow represents the direction of easy magnetization axis. (c)-(h) are six different collinear
magnetic structures including one ferromagnetic and five different collinear antiferromagnetic structures. The bond angle of
Ni — F — Ni for the nearest neighbour Ni ions is 140 degrees. The primitive cell of NiF3 is shown in (d). The red and blue
arrows represent spin-up and spin-down magnetic moments, respectively.

magnetic and five collinear antiferromagnetic structures
which are shown in Fig. [[(c)-(h). Then we calculate
relative energies of six magnetic states with the varia-
tion of correlation interaction U. With the increase of
correlation interaction U, the NiF3 changes from the fer-
romagnetic state to the collinear antiferromagnetic state
AFM1 (Fig. [2(a)). The AFMLI is intralayer ferromag-
netism and interlayer antiferromagnetism (Fig. [1((d)). In
previous works, the correlation interaction U was selected
as 6.7V for Ni 3d orbitals [25] [26]. Thus, the magnetic
ground state of NiF3 is the AFM1 state, which is consis-
tent with previous works[I4]. On the other hand, since
the bond angle of Ni — F — Ni for the nearest neighbour
Ni ions is 140 degrees, the spins of the nearest neigh-
bour and next nearest neighbour Ni ions are in antipar-
allel and parallel arrangement according to Goodenough-
Kanamori rules [27], respectively. This will result in NiFg
being the collinear antiferromagnetic state AFM1. Thus,
the results of theoretical analysis are in agreement with
those of theoretical calculation.

Indeed, the structure of AFM1 is very simple and the
corresponding magnetic primitive cell only contains two

magnetic atoms with opposite spin arrangement which
is shown in Fig. [2(b). From Fig. [(b), the two Ni
atoms with opposite spin arrangement are surrounded by
F-atom octahedrons with different orientations, respec-
tively. Thus, the two opposite spin Ni sublattices cannot
be connected by a fractional translation. Due to two Ni
ions located at space-inversion invariant points, the two
opposite spin Ni sublattices cannot be either connected
by space-inversion symmetry. However, the two opposite
spin Ni sublattices can be connected by Cit symmetry.
Thus, the NiF3 is an altermagnetic material. The BZ of
altermagnetic NiF3 is shown in Fig. 2f(c) and both the
high-symmetry and non-high-symmetry lines and points
are marked. In order to display the altermagnetic prop-
erties more intuitively, we calculate polarization charge
density of altermagnetic NiF3, which is shown in Fig.
[(d). From Fig. [2(d), the polarization charge densi-
ties of two Ni ions with opposite spin arrangement are
anisotropic and their orientations are different, result-
ing from F-atom octahedrons with different orientations.
The anisotropic polarization charge densities can result in
k-dependent spin polarization in reciprocal space. More-
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FIG. 2. The magnetic ground state of NiF3 and the cor-
responding properties. (a) Relative energies of six differ-
ent magnetic states with the variation of correlation inter-
action U. (b) and (c) are the magnetic primitive cell of NiFs
and the corresponding Brillouin zone, respectively. The red
and blue arrows represent spin-up and spin-down magnetic
moments, respectively. The high-symmetry and non-high-
symmetry lines and points are marked in the BZ. (d) The
anisotropic polarization charge densities. The red and blue
represent spin-up and spin-down polarization charge density,
respectively.

over, according to different spin group symmetries, the
k-dependent spin polarization can form d-wave, g-wave,
or i-wave magnetism [12].

Without SOC, the nontrivial elementary spin sym-
metry operations in altermagnetic NiFs have {E||Cs,},
{Cs-||Myt}, {E||I}, and {C5T||T}. The spin symme-
tries {C5-||Mqt}, {T||TMyt}, and {E||Cs.} make alter-
magnetic NiF3 being an i-wave magnetic material, as
shown in Fig. (a). Moreover, the spins of bands are
opposite along non-high-symmetry So —I'" and I' — m(Ss)
directions, reflecting features of i-wave magnetism (Fig.
B(b)).

In order to well understand the electronic properties,
we also calculate the electronic band structures of alter-
magnetic NiF3 along the high-symmetry directions. Ig-
noring SOC, the NiF3 is an altermagnetic metal. There
are four bands crossing the Fermi level due to spin de-
generacy on the high-symmetry directions (Fig. Bf(c)).
Especially, these four bands are degenerate on the I' — T
axis. In fact, any k point on the I' — T axis has nontriv-
ial elementary spin symmetry operations {E||C3,} and
{C5||M;t}. And the spin symmetry {E||C3,} has one
one-dimensional irreducible real representation and two
one-dimensional irreducible complex representations. Al-
though the time-reversal symmetry is broken, altermag-
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FIG. 3. Schematic diagram of the ¢-wave magnetism

and electronic band structures of altermagnetic NiFz. (a)
Schematic diagram of the ¢-wave magnetism. The red and
blue parts represent spin up and down, respectively. (b) The
electronic band structure without SOC along the non-high-
symmetry directions. The red and blue lines represent spin-
up and spin-down bands, respectively. (c) and (d) are the
electronic band structures without and with SOC along the
high-symmetry directions.

netic materials have equivalent time-reversal spin sym-
metry {CyT||T}. The spin symmetry {C3-T||T} will
result in two one-dimensional irreducible complex repre-
sentations to form a Kramers degeneracy. Meanwhile,
the spin symmetry {Cs ||M;it} protects the spin degen-
eracy. Therefore, there is one four-dimensional and one
two-dimensional irreducible representations on the I' — T
axis. The quadruple degenerate band crossing the Fermi
level is thus protected by the spin group symmetry. Fur-
thermore, the orbital weight analysis shows that these
four bands are contributed by both the 3d orbitals of Ni
and the p orbitals of F (Fig. [3|(c)). As is known to all,
the F atom has the strongest electronegativity among all
chemical elements, but the 2p orbitals of F do not fully
acquire the 3d-orbital electrons of Ni, which is very in-
teresting.

In our calculations, the number of valence electrons of
NiF3 is 74, which makes the quadruple band only half-
filled. This is the reason why the p orbitals of F do not
fully acquire the d-orbital electrons of Ni. When SOC is
included, the spin group symmetry breaks down to mag-
netic group symmetry. The reduction of symmetry will
result in the quadruple band to split into multiple bands.
Since the F atom has the strongest electronegativity, the
2p orbitals of F will completely acquire the 3d-orbital
electrons of Ni. This will result in altermagnetic NiF3 to
transform from metal phase to insulator phase. In order
to prove our theoretical analysis, we calculate the elec-
tronic band structure of altermagnetic NiFg with SOC.
The calculation of the easy magnetization axis and sym-
metry analysis based on magnetic point group are shown
in Supplementary Material[28]. Just like our theoretical
analysis, the 2p orbitals of F indeed fully acquire the



3d-orbital electrons of Ni and altermagnetic NiF3 trans-
forms into an insulator with a bandgap of 2.31eV (Fig.
Bl(d)). In general, the SOC strength of Ni is in the order
of 10meV, so the SOC strength of altermagnetic NiFg is
two orders of magnitude higher than that of Ni. Thus,
the SOC effect of altermagnetic NiFg is extremely strong.

On the other hand, we also examine the effect of cor-
relation interaction in altermagnetic NiF3. We calcu-
late the electronic band structures of altermagnetic NiFj
along the high-symmetry directions without SOC under
correlation interaction U = 3,5, 7eV, which are shown in
Fig. [4(a), (b), and (c), respectively. From Fig. [4(a),
(b) and (c), the correlation interaction has a slight ef-
fect on the band structure around the Fermi level with-
out SOC, due to the constraints of spin symmetry and
electron occupancy being 74. When including SOC, al-
termagnetic NiF3 transforms from a metal phase to an
insulator phase under different correlation interaction
U. Moreover, the bandgap of altermagnetic NiFg in-
creases linearly with the correlation interaction U. Thus,
the correlation interaction can substantially enhance the
bandgap opened by the SOC of altermagnetic materials.
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FIG. 4. The electronic properties of altermagnetic NiF3
under different correlation interaction U. (a), (b) and (c)
are the electronic band structures along the high-symmetry
directions without SOC under correlation interaction U =
3,5,7eV, respectively. (d) The bandgap as a function of cor-
relation interaction U under SOC.

Now we well understand the reason for the extremely
strong SOC effect in altermagnetic NiF3. A natural ques-
tion is whether such a strong SOC effect can be realized
in other altermagnetic materials. According to the above
analysis, we propose four conditions for realizing such an
effective strong SOC in light element altermagnetic ma-
terials: First, the spin group of altermagnetic material
has high-dimensional (greater than four dimensions) irre-
ducible representation (crystal symmetry groups are pre-
sented in the Supplementary Material[28]); Second, the
band with high-dimensional representation crossing the
Fermi level is half-filled by valence electrons; Third, non-
metallic elements have strong electronegativity; Fourth,

the altermagnetic material has strong electron correla-
tion. To verify these four conditions, we also calcu-
late the electronic band structures of four ¢-wave alter-
magnetic materials (VF3, CrF3, FeF3 and CoF3), which
have the same crystal structure and spin group sym-
metry as NiF3[I4]. The calculations show that none of
the four altermagnetic materials meets the second con-
dition, and the SOC effect is very weak (Detailed calcu-
lations and analysis are presented in the Supplementary
Material[28]). On the other hand, since high-dimensional
irreducible representations can be protected by spin space
group in two-dimensional altermagnetic systems, the pro-
posed mechanism is also applicable to two-dimensional
light element altermagnetic materials, which may be ad-
vantage for realizing quantum anomalous Hall effect at
high temperatures [10].

The mechanism for enhancing the SOC effect that
we propose in altermagnetic materials is different from
that in ferromagnetic materials [II]. First, the high-
dimensional representation of the symmetry group is 2 or
3 dimensions in ferromagnetism, while in altermagnetism
the high-dimension representation is 4 or 6 dimensions, so
their symmetry requirements are entirely different. Sec-
ond, the band with high-dimensional representation in
ferromagnetism comes from d orbitals, while the band
with high-dimensional representation in altermagnetism
can come from the combination of p orbitals and d or-
bitals. Third, the enhancement of SOC effect derives
from correlation interaction for ferromagnetic materials,
but from both correlation interaction and electronegativ-
ity of nonmetallic element for altermagnetic materials.
Due to one more degree of freedom to enhance the SOC
effect, a stronger SOC effect can be achieved in the al-
termagnetic materials. Moreover, if electronegativity of
nonmetallic element is weak, different topological phases
may be realized in altermagnetic materials when includ-
ing SOC. On the other hand, the mechanism for enhanc-
ing SOC effect in altermagnetic materials can be also
generalized to conventional antiferromagnetic materials.
Due to the equivalent time-reversal symmetry, more spin
groups with conventional antiferromagnetism have high-
dimensional irreducible representations. Moreover, con-
ventional antiferromagnetic materials are more abundant
than altermagnetic materials, thus conventional antifer-
romagnetic materials of light elements with strong SOC
effect remain to be discovered.

Summary. Based on spin symmetry analysis and
the first-principles electronic structure calculations, we
demonstrate that extremely strong SOC effect can be re-
alized in altermagnetic material NiF3. Then, we propose
a mechanism to enhance SOC effect in altermagnetic ma-
terials. This mechanism reveals the cooperative effect
of crystal symmetry, electron occupation, electronega-
tivity, electron correlation, and intrinsic spin-orbit cou-
pling. The mechanism can explain not only the extremely
strong SOC effect in altermagnetic NiF3, but also the
weak SOC in altermagnetic VF3, CrF3, FeFs3, CoFj.
Moreover, the mechanism for enhancing SOC effect can



be also generalized to two-dimensional altermagnetic ma-
terials.
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