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Weak Ferromagnetism in Altermagnets from Alternating g-Tensor Anisotropy
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Altermagnets are magnetic materials with antiferromagnetic spin ordering but exhibit ferromagnetic
properties. Understanding the microscopic origin of the latter is a central problem. Ferromagnetlike
properties such as the anomalous Hall effect are linked with weak ferromagnetism, whose microscopic
origin in altermagnets remains unclear however. We show theoretically that the alternating g-tensor
anisotropy in altermagnets can induce weak orbital ferromagnetism even when the Dzyaloshinskii-Moriya
interaction is forbidden. We demonstrate this mechanism to explain weak ferromagnetism for both collinear
and noncollinear spin altermagnets. Our findings provide new insights into the origin of weak ferro-
magnetism and suggest orbital-based ways for manipulating magnetic configurations in altermagnets.
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Magnetic materials have traditionally been categorized
by spin ordering: ferromagnets (FMs) with parallel spins
and antiferromagnets (AFMs) with antiparallel spins. How-
ever, recent studies [1-20] have highlighted the significant
role of the interplay between spin ordering and local crystal
structure surrounding magnetic atoms in characterizing
magnetic materials. This insight has led to the classification
of a new type of magnetism, dubbed altermagnetism
[19-23]. Altermagnets (AMs) have antiferromagnetic spin
ordering with alternating local crystal structures at the
sublattices. In view of the symmetry analysis based on the
spin group theory, the alternating local crystal structure is
crucial for the FM-like properties of the AMs. First, the
electronic bands are spin-split [24-26]. In the presence of
spin-orbit coupling (SOC), they can exhibit further FM-like
behavior such as the magneto-optical effect [14,27] and
the anomalous Hall effect [5,28,29]. Therefore, AMs offer
potential for novel spintronic applications [30-32], com-
bining the benefits of both FMs [33,34] and AFMs [35,36].
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Despite FM-like behavior being compatible with sym-
metry, a fundamental question still remains unanswered:
What is a microscopic defining feature of AMs that
distinguishes them from conventional AFMs and gives
rise to their FM-like behavior? Recently, ferroic ordering of
magnetic octupoles has been proposed as a microscopic
order parameter to describe d-wave AMs [37]. According
to a Landau theory augmented by spin-space symmetries,
this magnetic octupole can couple linearly to the magnetic
dipole through SOC [38], enabling weak ferromagnetism
(WEM) in AMs [38-45] and their FM-like behavior.
However, the microscopic origin of WFM in AMs remains
unclear. Although the Dzyaloshinskii-Moriya interaction
(DMI) [46,47] can induce the WEM in some AMs such as
a-Fe,O5 [47] and La,CuQ, [48], it cannot explain the
substantial orbital magnetization of rutile-type [5,14] and
Mn;Sn-type [49-51] AMs predicted by first-principles
calculations, necessitating deeper investigation into the
origin of the WFM in AMs.

In this Letter, we study a thus far unexplored origin of
WEM in AMs: alternating g-tensor anisotropy. The g-tensor
not only characterizes the spin exchange energy but also
reflects the structural anisotropy, prompting us to examine
its role in AMs. We demonstrate theoretically that the
alternation of the g-tensor anisotropy among sublattices of
AMs can naturally lead to WFM, primarily driven by the
orbital moment, even when the DMI is forbidden. A wide
range of AMs exhibit WFM either intrinsically (type-I
AMs) or under strain (type-II AMs) [43]. This mechanism
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extends beyond conventional AMs with collinear spin
ordering and straightforwardly applies to AMs with non-
collinear spin ordering [43]. Our findings not only provide
insights into FM-like properties of AMs but also offer a
fresh perspective on previous studies of WEM in various
compounds [46—48,50-55].

The spectroscopic g-tensor [56] is defined as the ratio of
the total magnetic moment to the spin angular momentum,
which can be represented by a 3 x 3 matrix g. In many
high-symmetry systems, principal axes can be chosen such
that the orbital and spin angular momenta are aligned with
them. In this case, g can be expressed as a diagonal matrix
with elements

) (1)

where (L,) and (S,) are expectation values of orbital and
spin angular momentum operators L. and S along the
principal axis a, respectively. For example, let us consider a
FM exhibiting the spin S, along the « axis in the absence of
SOC, where the orbital is quenched. When weak SOC is
taken into account, a finite (L,) is induced, which is linear
in the SOC strength Agg [57]. On the other hand, the spin-
orbit correction to the spin is at least second order [51], i.e.,
(S,) = So + O(2%¢). Therefore, in the weak SOC regime,
the SOC-induced magnetic moment originates primarily
from the orbital moment, causing g, to deviate from 2
by an amount proportional to the induced orbital moment
or lso [52]

The anisotropic orbital moment is an essential ingredient
of our discussion. If the crystal structure is anisotropic,
the SOC-induced orbital moment depends on the spin
exchange field direction § due to the interplay between spin
and crystal structure, which is also known to be responsible
for magnetic anisotropy energy [57]. Here, we focus on its
influence on the g-tensor. Consider a magnetic atom subject
to an electrical potential featuring uniaxial anisotropy with
principal axes € and €, [Fig. 1(a)]. We compare two
configurations where orbital and spin angular momenta,
aligning with §, are oriented either along €| or € . Based on
the previous discussion, we expect that the orbital angular
momenta L # L, are linearly proportional to the SOC
strength, while the spin angular momenta Sy and S| remain
approximately equal to S,. Consequently, the g-tensor
can be expressed as g = diag(g,,9.,9)), Where g1~
2+ Ly1)/So- This leads us to define the g-tensor
anisotropy Ag as

Ly-L,;

AQEQH—QLNS—Oy (2)

which can be experimentally evaluated from the ferro-
magnetic resonance spectroscopy [58]. Although we have
assumed a ferromagnetic atom, our discussion can be
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FIG. 1. (a) Schematic illustration of the g-tensor anisotropy for

amagnetic atom. The blue ellipsoids illustrate uniaxial anisotropy
with principal axes € and €,. S,y and L), are the spin and
orbital angular momenta along &), respectively. (b) Example
of the local structure of the magnetic sublattice i in an AM.
(c)—(e) Altermagnetic systems with alternating g-tensor aniso-
tropy. Panels (c) and (e) exhibit the WFM (type-I AM), while
panel (d) does not (type-II AM).

generalized to altermagnetic systems by defining the
g-tensor locally for each magnetic atom.

Now, we show that Ag combines with the alternating
local crystal structure to generate the WFM of AMs. We
consider a prototypical altermagnetic system. The ith
magnetic atom is surrounded by a crystalline potential
with uniaxial anisotropy, having principal axes éﬁ and &/
[Fig. 1(b)]. The local spin (S') = Sy$' makes an angle ¢;
with éfl, satisfying > V8’ =0, where N is the number
of atoms in a unit cell. The local g-tensor g’ =
diag(g,,g.,g) is defined in terms of the principal axes
at each site. g| and g, are independent of the sublattice,
provided that the local crystal structures at each site are
connected by rotational symmetry to each other [e.g.,
Figs. 1(c)-1(e)]. Thus, the total magnetic moment m,,, =
—(ug/h) >N g’ - (S%) is proportional to Y N[g cos ¢l~éﬁ +
g1 (8 —cos qS,-éﬁ)] and given by

N
S| = Z cos qﬁiéﬁ, (3)

to first order in SOC. Equation (3) is the main result of our
paper; it clearly demonstrates that the net magnetic moment
of AMs is proportional to Ag instead of the electron spin
g-factor 2 for strong FMs. Our theory generalizes the
single-ion anisotropy picture [52] by incorporating the
orbital moment, providing a new perspective on WFM.
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Since my, is dominated by the orbital contribution, it is
naturally related to orbital-dominated anomalous Hall
AFMs [51,59]. Notably, the direction of m, is determined
by s, representing the projection of spins with respect to
local crystalline axes. This direction can differ from that of
the DMI-induced net moment, and m,, can be nonzero
even when the DMI is forbidden (see End Matter). Our
mechanism based on Ag is thus clearly distinct from the
DMI-induced WFM. We further emphasize that our mecha-
nism represents an intrinsic property of AMs since it arises
from the alternating local crystal structure, which is a
defining feature of AMs. By contrast, the origin of the DMI
is not inherently related to the alternating local structure.

Here, we examine AMs with collinear spins using Eq. (3).
Figure 1(c) shows a two-dimensional square lattice consist-
ing of two magnetic atoms A and B with opposite spins. The
gray circles at the corners of the diamonds represent the
nonmagnetic atoms, which give rise to the anisotropic crystal
potential depicted by blue ellipses. Similar types of struc-
tures are commonly found in rutile-type AMs, such as
RuO, [5], MnF, [6], and NiF, [52]. For an arbitrary in-plane
spin configuration with ¢, = ¢ and ¢ = ¢ + 7/2, Eq. (3)
leads to

Y2 ~ <A
My = == AgSy(cos ¢ — sin ). (4)

Interestingly, the predicted m||s| = cos ¢k — sin ¥ can
be either parallel or perpendicular to the Néel vector i =
cos ¢X + sin ¢y depending on ¢. This angular dependence
is consistent with first-principles calculations for NiF, (see
End Matter) and RuO, [5,14], which cannot be attributed to
the DMI. Such AMs exhibiting WFM have been catego-
rized as type-I AMs [43]. Conversely, for the out-of-
plane spin configuration with §' = 4+2 (e.g., CoF, [60]),
implying ¢, = ¢, Eq. (3) yields m,, = 0 since the
relevant g-tensor anisotropy in this configuration is the
difference between two ¢, ’s. Inducing difference between
them by strain can induce net magnetization, which
amounts to piezomagnetism [60,61]. This type of AMs,
with zero net magnetization and piezomagnetism, has been
categorized as type-II AMs [43].

Next, we test the above predictions by performing
tight-binding calculations for a two-dimensional square
lattice consisting of two magnetic atoms A and B with
an antiferromagnetic spin ordering characterized by an
angle ¢ [Fig. 2(a)]. Assuming the atomic orbital basis
{d,y.d,..d.} for each atom, the Hamiltonian is written as
(see Supplemental Material [62] for details)

-y t Jsa i
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FIG. 2. (a) Schematic illustration of the tight-binding model H

for an AM with collinear spins. The dashed lines represent the
unit cell, and the green arrows indicate the nearest-neighbor
hoppings. The blue ellipses display the anisotropy. (b) Band
structures without (left panel) and with (right panel) SOC. (c) The
net orbital and spin magnetic moments at the Fermi energy
Er = —0.9 eV as a function of the SOC strength Agp. (d) x and y
components of the total magnetic moment at Ep = —0.9 eV
depending on the spin angle ¢.

where ¢} _ (ci,,) is the creation (annihilation) operator of an
electron at site / with orbital index » and spin o = 1, |. The
first term describes nearest-neighbor hopping, the second
term represents the exchange interaction with the molecular
field (J4q/7)$8', and the third term corresponds to the atomic
SOC, where L is defined in terms of the atomic orbital
basis. Note that this lattice does not contain nonmagnetic
atoms in contrast to typical rutile-structure AMs [e.g.,
Fig. 1(c)]. Thus, Eq. (5) reflects neither local anisotropy nor
altermagnetism. To capture the alternating local crystal
structure arising from the nonmagnetic atoms, we introduce
the sublattice-dependent crystal field to each magnetic
atom as follows:

Acr
Her = 2 ZT(C;)*z,aci,yZ,o' - C:'r,zx,aci,zx,ﬁ)7 (6)
ic

with the sublattice index 7 being +1(—1) for A(B). This
term leads to the alternating local anisotropy, as depicted by
Fig. 2(a), thereby giving rise to altermagnetism.

Figure 2(b) shows the band structures without (left)
and with (right) SOC for the total Hamiltonian H + Hcg
with Jyg=1.0¢eV, ¢ =0, 150 =0.02 eV, and Acg =
1.0 eV. The nonrelativistic spin splitting alternates in sign
between the k paths from I' to M = (0.5,0.5) and from
I' to M'=(-0.5,0.5). With SOC, doubly degenerate
d,, bands hybridize with d_, bands, inducing an orbital
angular momentum (L), for each k point with band n.
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FIG.3. (a),(b) Fermi energy (Er) dependences of (a) orbital and

(b) spin angular momenta for atom A (solid lines) and atom B
(dashed lines) with varying crystal field parameter Acg. (¢),(d) E
dependences of (c) g-tensor anisotropy Ag and (d) total magnetic
moment m, , with varying Acg.

The anisotropy of (L), in k space results in the net orbital
moment, which is linear in Agq [Fig. 2(c)] and dominant
over the net spin moment that is quadratic in Agg. These
features agree with our expectations. Additionally, the ¢
dependence of m,, [Fig. 2(d)] is consistent with Eq. (4).

Next, we examine the connection between the g-tensor
anisotropy and net magnetic moment. For this, we first
calculate the orbital (spin) angular momentum projected
onto atoms A and B, denoted by (L4) and (L2) ((S%) and
(SB)), respectively, as a function of the Fermi energy Ep
and as a function of the alternating crystal field parameter
Acr in Heg. Figure 3(a) demonstrates that (L{) + (LB) is
zero for Acr = 0 and becomes larger in magnitude as Acg
increases. In contrast, (S%) + (SZ) remains almost zero
regardless of Acg [Fig. 3(b)]. Then, the g-tensor anisotropy,
evaluated by Ag= (L2)/(S4) — (LB)/(SB), gradually
increases with Acg [Fig. 3(c)]. Note that the total magnetic
moment [Fig. 3(d)] exhibits a clear correlation with Ag.
Moreover, we find that the product Ag(|(S4)| + [(SZ)|)/2
exhibits the essentially identical variation as m, , with
respect to Er or Acp change, providing further support
to Eq. (3).

It is worthwhile to compare the magnitude of the WFM
arising from two mechanisms: Ag and the DMI. Spin
moments canted by an angle y due to the DMI produce a
net transverse spin moment of mpyy = —(ug/h)S, siny.
Given the similarity between this relation and Eq. (4),
the comparison between the two effects reduces to that
between siny and Ag. In prototypical DMI antiferromag-
nets [72], y typically reaches the order of 1°, leading to
siny =~ 0.02. On the other hand, Ag can reach the order of
0.1, corresponding to an angle of sin™!(Ag) = 5.7°, in our
model or rutile AMs (see End Matter) in the metallic phase.
This illustrates that the WFM arising from Ag can be much
larger than that induced by the DMI.
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FIG. 4. (a) Band structure of the kagome lattice having an

inverse triangular spin structure with ¢ = 0. (b) Fermi energy
(Ef) dependences of the net magnetic moment m, , for ¢ =0
(solid line) and my, for ¢ = x/2 (dashed line). The insets
display the spin configuration for the three sublattices. () oy
of the distorted kagome lattice (right panel) at Ep = 0.7 eV
(red 4+ symbols) and Er = 1.1 eV (blue x symbols) with varying
strain parameter &. Solid lines indicate a linear relation between ¢
and my . (d) Er dependence of m,q . for the bulk system with
ABC-stacked kagome planes. The inset shows the top view of the
structure, where blue, pink, and green layers are stacked in order.

Next, we extend our theory to AMs with noncollinear
spin structures [43]. For example, Fig. 1(d) displays a
kagome lattice with a triangular spin structure where the
spins of sublattices A, B, and C are each rotated by 120°
relative to one another and the local g-tensor of each
sublattice is anisotropic. In this normal triangular spin
structure, the angles between spin and g-tensor’s principal
axis are identical for all sublattices, i.e., ¢, = ¢pp = ¢,
which makes m, in Eq. (3) zero (type-Il AM). On the
other hand, for an inverse triangular spin structure
[Fig. 1(e)], where the spins are rotated by —120° Eq. (3)
predicts a nonvanishing m,, (type-I AM). For arbitrary
angles, ¢p = ¢, ¢pp=¢ +2xn/3, and ¢ = ¢ + 4n/3,
m,, follows Eq. (4) [59]. We note that, in both normal
[Fig. 1(d)] and inverse [Fig. 1(e)] triangular spin structures,
the DMI does not induce any net spin moment [53] since
these spin configurations with complete spin compensation
minimize the DMI energy.

We also examine these predictions numerically by
applying ‘H to the kagome lattices (see Supplemental
Material [62] for details and parameters used). Since the
magnetic atoms themselves in the kagome lattices give rise
to the alternating local crystal structure, we consider in our
calculation only A and ignore Hcg. For each magnetic
atom, the orbital basis {d;._..d,,, d,} is taken into
account. The angle between the spin at sublattice A and
the x axis is given by ¢. We first consider the inverse
triangular spin structure [Fig. 1(e)]. Its band structure for
¢ =0 [Fig. 4(a)] shows band-resolved (L,),, summed
over three sublattices A, B, and C. Analogous to the
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collinear spin case, the orbital is the main contribution to
m,,. In Fig. 4(b), the solid and dashed lines present the x
and y components of m, for ¢ =0 (e.g., Mn;Ge and
Mn;Ga) and ¢p = /2 (e.g., Mn3Sn), respectively. Note that
they follow the predicted relation my () = —mo, (P +
7/2) [Eq. (4)].

Motivated by an experiment [73] on the piezomagnetic
properties of the kagome lattice with the inverse triangular
spin structure, we examine the strain effect on m,,. The
right panel of Fig. 4(c) shows a distorted kagome lattice,
with solid and dashed lines indicating different bond
lengths r and 7/, respectively. Suppose ' = (1 + &)r due
to the strain with the parameter e. The original hopping
parameter ¢ is then modified to # under strain, which can be
approximated as ¢ = t/(1 + &) [74]. We incorporate this
effect into the tight-binding model while preserving the
lattice structure [62]. The left panel in Fig. 4(c) presents
My at Ep = 0.7 €V and Ep = 1.1 eV, demonstrating a
piezomagnetic effect [60]: magnetization is induced by
strain linearly. As m,, for e = 0 is tiny, m,, can be easily
switched by the piezomagnetic effect, in qualitative agree-
ment with the experiment [73].

For the normal triangular spin structure [Fig. 1(d)],
our numerical calculation finds m,, = 0, as predicted by
Eq. (3). However, WFM can be induced via symmetry-
breaking stacking. For instance, the structures of Mn;Rh,
Mn;Ir, and Mn;Pt consist of kagome planes with ABC-
type stacking along the (111) direction [75,76], which
breaks the C,, symmetry. To examine these systems, we
apply ‘H to the three-dimensional bulk structure composed
of ABC-stacked kagome lattices with the normal triangular
spin structure [inset of Fig. 4(d)] [62]. In this system,
the off-diagonal g-tensor element g,, = (L. +2S.)/(S)
becomes nonzero due to the broken C,, symmetry. As a
result, out-of-plane magnetization is induced, as shown in
Fig. 4(d). Our analysis based on the g-tensor explains
previous studies on kagome materials [50,51,53,54,75,77]
with a fresh mechanism in terms of altermagnetism.

In conclusion, we have demonstrated that WEM can be
induced in AMs by the alternating g-tensor anisotropy Ag,
which is a distinguishing feature of AMs that sets them
apart from conventional AFMs. This mechanism applies to
AMs with either collinear or noncollinear spin structures.
The concept of Ag is useful for classifying type-I and
type-II AMs. Our theory provides new understanding of
the WEFM in general and proposes ways to manipulate
magnetic configurations in various AMs. We suggest
further investigations on its role in novel AMs with twisted
[78,79], Janus [79-81], or supercell [82] structures. Finally,
our findings suggest that AMs could act as orbital ferro-
magnets, where emergent orbital effects are potentially
linked to Ag. This opens a promising research direction
toward orbital engineering, e.g., orbitronics [83,84] utiliz-
ing AMs.
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End Matter

Discussions on DMI—Here, we demonstrate that the
DMI does not contribute to the WFM in the models
examined in this study [e.g., Figs. 1(c)-1(e)]. The DMI,
Epvi = Dy - (S; X S;), between spins at sites i and j, is
characterized by the DMI vector D;;, whose orientation
is dictated by the crystal symmetry. For our model in
Fig. 1(c), the crystal structure has two mirror planes—
one horizontal and one vertical—including sublattices A
and B. Since the DMI vector should be perpendicular to
each mirror plane according to the Moriya’s rules [47],
the presence of the two symmetry planes implies that
the DMI vector should be zero. On the other hand,
for the kagome lattice shown in Figs. 1(d) and 1(e),
there is only one mirror plane—horizontal—including all
sublattices A, B, and C. Accordingly, the DMI vectors
D;; are identically oriented along the out-of-plane
direction for all i and j, i.e., Dygp = D = D¢y = D7.
The DMI energy is then given by Epy=
Dz -(S4y xSg+SpxSc+S¢cx8S,). Depending on the
sign of D, the DMI energetically stabilizes either the
normal (D < 0) [Fig. 1(d)] or inverse (D > 0) [Fig. 1(e)]
triangular spin structure [53]. We emphasize that, in
both spin structures, spins are fully compensated. Small
deviations from these fully compensated spin structures
can generate a finite net spin moment but increase Epy,
indicating that the DMI does not produce a net magnetic
moment. This consequence also shows that the g-tensor
anisotropy mechanism can be the dominant contribution
to the WFM, even in the presence of the DMI.

Although the DMI does not contribute to the WEM in
our models, the g-tensor anisotropy and DMI mechanisms
for WFM can coexist in other systems. To illustrate this, let
us consider a fully compensated spin system. If we include
SOC to this system, it can affect the compensation in two
ways: (i) giving additional interaction terms to the spin
Hamiltonian and (ii) inducing a local orbital moment.
Effect (i) can lead to the spin rearrangement, e.g., spin
canting due to the DMI, so that the canted spin configu-
ration with finite net spin moment minimizes the energy.
On the other hand, effect (ii) occurs independently of the
spin rearrangement. Once the spin configuration is given,
regardless of whether effect (i) is present or not, the local
orbital moment is induced by the spin moment through
SOC, with its magnitude and direction being associated

with the local g-tensor. The correction to the net orbital
moment due to (i) is proportional to the square of the SOC
magnitude. Thus, as long as the SOC is weak, the
magnitude and direction of the net orbital moment are
essentially unaffected by (i) and the two processes (i) and
(i1) make independent contributions to the net moment.

WFM in rutile-type AMs—In addition to the tight-
binding models, we discuss the origin of WFM in rutile-
type antiferromagnets [Fig. 5(a)], such as RuO, and
NiF,, which are regarded as prototypical AMs. These
systems can exhibit the WFM for specific directions of
the Néel vector. For example, a recent first-principles
calculation [5] reported that, in RuO,, a net magnetic
moment is induced along the b axis when the Néel
vector is along the a axis. Although this WFM was
attributed to the DMI in the recent study, it cannot be
explained by the conventional DMI mechanism, which
involves an antisymmetric exchange interaction Dyp -
(S4 x Sp) between spins at sublattices A and B. For the
DMI to induce spin canting in the a-b plane, the DMI
vector D,z must point along the ¢ axis. However, by
Moriya’s rules [47], the ¢ component of D,z is
forbidden due to the presence of a vertical mirror plane
containing sublattices A and B [Fig. 5(b)]. Indeed, an
earlier study by Dzyaloshinskii [85] demonstrated that
the rutile structure does not exhibit the antisymmetric
exchange interaction. Additionally, Moriya [52]
explained the WFM in NiF, as arising from single-ion
anisotropy. This explanation aligns with our g-tensor

— (b) b
‘A
o i

Mirror plane

FIG. 5. (a) Crystal structure of a rutile-type AM, where blue
and gray spheres represent magnetic and nonmagnetic ions,
respectively. (b) Top view of the structure. The black solid line
indicates the mirror plane (110) that includes two magnetic
sublattices, A and B.
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TABLE 1. The a, b, and ¢ components of spin (m*P") and

orbital (m°®) magnetic moments for Ni atoms at sublattices A
and B.

spin spin spin
my mbp me m mo

Atom  (ug) (uB) (u)  (up) (uB) (1B)

NiA -172 -23x10* 0 —0.16 -25x1073 0
Ni B 172 =23x10* 0 0.16 -25x1073 0

orb orb
a my

anisotropy mechanism from a symmetry perspective,
though it did not recognize the importance of the orbital
moment. Our work goes beyond the Moriya’s
explanation by considering the orbital moment and
shows that the net orbital moment dominates over the
net spin moment in rutile-type AMs such as RuO, [5]
and NiF, (see below), highlighting the g-tensor aniso-
tropy mechanism as the most relevant mechanism for the
WEFM in these materials.

First-principles calculation for NiF,—We show that
the g-tensor anisotropy mechanism plays a dominant role
in the WFM of a rutile AM using the density functional
theory code FLEUR [64,65] based on the full-potential
linearized augmented plane-wave method [66] (see
Supplemental Material [62] for details). Specifically, we
calculated spin and orbital magnetic moments in
insulating NiF, [Fig. 5], where initial spin moments for
Ni A and Ni B sublattices are aligned along —a and +a,
respectively, and then relaxed after including the atomic
SOC. Table I presents the calculated spin and orbital
magnetic moments for each Ni atom. The resulting
magnetic moment deviates from the initial direction (—a
or +a), leading to a net magnetic moment along the b
axis, where the orbital contribution (m‘,;rb) dominates

spin

over the spin contribution (m,,). This dominance of the

0.2
(a) (b) 0.1 —— Orbital
— /\ ---= Spin
0.1f 2 00 T
> =
< 2 —0.1}F \/
0.0 5
Y & o2}
017 02 oo 03702 02 0o
Energy (eV) Energy (eV)
FIG. 6. (a) Local g-tensor anisotropy (Ag) of the Ni atom in

NiF, as a function of the Fermi energy. (b) Orbital and spin
contributions to the net magnetic moment in NiF,.

orbital contribution and the net magnetic moment
direction [Eq. (4) with ¢ = —45°] are consistent with
our mechanism based on the g-tensor anisotropy. We
note that this result cannot be attributed to the DMI, as
discussed in the previous paragraph.

The net moment in NiF, is relatively small since Ag is
weak in an insulating phase, but the Ag and the resulting
net moment can be significantly enhanced by doping. To
investigate this, we evaluated Ag in NiF, as a function of
the Fermi energy. The local g-tensor elements at the Ni
atom can be obtained by gy =2+ (L{)/(S%) and g, =
2+ (L$)/(S#) [see Fig. 5(b) for the axis convention]. The
local g-tensor anisotropy is then given by Ag = g —g..
Figure 6(a) shows that the calculated Ag significantly
increases with p-doping, reaching the order of O0.1.
Consequently, the net magnetic moment becomes larger,
with the orbital contribution dominating over the spin
contribution [Fig. 6(b)]. Notably, the magnitude and energy
dependence of Ag and the net moment align well with our
tight-binding results [Figs. 3(c) and 3(d)]. This large net
orbital moment on the order of 0.1up in the metallic phase
is also consistent with first-principles calculations for the
altermagnetic metal RuO, [5].
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