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Altermagnetism is a newly discovered magnetic phase, characterized by nonrelativistic spin splitting that
has been experimentally observed. Here, we introduce a framework dubbed “spin-orbital altermagnetism”
to achieve spin-orbital textures in altermagnetic materials. We identify two distinct classes of spin-orbital
altermagnetism: intrinsic and extrinsic. The intrinsic type emerges from symmetry-compensated magnetic
orders with spontaneously broken parity-time symmetry, while the extrinsic type stems from translational
symmetry breaking between sublattices, as exemplified by the Jahn-Teller-driven structural phase
transition. In addition to directly measuring the spin-orbital texture, we propose spin conductivity and
spin-resolved orbital polarization as effective methods for detecting these altermagnets. Additionally, a
symmetry-breaking mechanism induces weak spin magnetization, further revealing the peculiar feature of
spin-orbital altermagnetism. We also utilize the staggered susceptibility to illustrate a potential realization
of this phase in a two-orbital interacting system. Our Letter provides a new platform to explore spin-orbital
locked physics, extending the materials classes that may display complex spin textures from the standard
4d − 5d compounds to 3d compounds.
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Introduction—Spin andorbit are two fundamental degrees
of freedom of electrons, and their intertwining is crucial for
understanding various electronic states and phenomena in
quantum materials [1]. Spin-orbit coupling (SOC), a rela-
tivistic effect in solids, couples these degrees of freedom,
lifting the Kramers spin degeneracy and resulting in spin-
split energy bands with distinctive spin textures in reciprocal
space. Recent experiments using spin-resolved and photon-
polarized angle-resolved photoemission spectroscopy [2]
have revealed entangled spin-orbital textures—a locking
phenomenon between spin and atomic orbital degrees of
freedom—in strongly spin-orbit coupled systems such as
topological insulators [3–5]. This breakthrough opens novel
avenues for manipulating spin polarization by targeting the
orbital domain.

Nonrelativistic mechanisms for spin-splitting effects have
also garnered significant attention in recent years. These
SOC-free phenomena have become prominent after the
discovery of altermagnetism (AM) [6–16], which is a new
magnetic phase characterized bymomentum-dependent spin
splitting despite zero net magnetization [17–20]. Subsequent
experimental studies have confirmed AM-induced spin-
splitting bands in diverse materials [21–32]. A few earlier
theoretical works for nonrelativistic spin splitting were
established through spin-channel Pomeranchuk instabilities
[33–35] and d-wave spin-density wave states [36].
Furthermore, noncoplanar antiferromagnetic materials also
exhibit significant nonrelativistic spin-split bands [37–44].
These novel magnetic systems can exhibit intriguing proper-
ties and potential functionalities [45–49].
Although distinct mechanisms for altermagnets have been

proposed recently [50–58], other spin-related nonrelativistic
phenomena, particularly the physics of spin-orbital textures
without SOC, remain largely unexplored. This can
be achieved through intertwined symmetry-compensated
magnetic orders that couple these two degrees of freedom.
Here, we establish a new theoretical framework to attain
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nonrelativistic spin-orbital textures through altermagnetic
orders, dubbed “spin-orbit altermagnetism.” Among various
altermagnetic orders permitted by spin-space symmetry [13],
we identify two distinct classes of spin-orbital altermagnet-
ism: one arising intrinsically and the other necessitating
crystalline symmetry breaking due to structural phase
transitions. We demonstrate that the spin conductivity and
spin-resolved orbital polarization are effective tools for
detecting and distinguishing between these phases. We also

examine the weak ferromagnetic magnetization caused by
symmetry breaking, relevant to the hysteresis loop observed
in the anomalous Hall effect. Furthermore, the staggered
susceptibility is employed to illustrate a potential realization
of such a phase in two-orbital interacting systems.
Intrinsic altermagnet—We study a square lattice with two

sublattices, A and B, surrounded by a crystal field generated
by four symmetrically positioned atoms, as shown in
Fig. 1(a). If A is identical to B, the system exhibits the D4

point group symmetry at both A and B sites and the centroid
of the square (labeled “X” in gray). The symmetry generators
are fC4zðAÞ; C2xðAÞg and fC4zðXÞ; C2xðXÞg, leading to three
symmetries that relate A to B: (i) fourfold rotation C4zðXÞ,
(ii) inversion PA↔B ¼ C2xðAÞC2yðXÞ, and (iii) mirror
MA↔B ¼ C4zðXÞC2xðAÞ. In this case, the symmetry-com-
pensated magnetic order arises from breaking time-reversal
symmetry T while preserving at least one of the following
spin-space group symmetries: ½C2jjPA↔B�, ½C2jjC4zðXÞ�, and
½C2jjMA↔B� [59]. Here, the left element C2 acts solely on
spin space (i.e., flipping spins), while the right elements act
purely in real space. Since SOC is absent or negligible, the
spin-space group provides a comprehensive framework for
classifying collinear magnetic orders [13] and others [60].
Furthermore, in a two-orbital system, two additional sym-
metries, ½C2jjC4zðAÞ� and ½C2jjC2xðAÞ�, permit a staggered
magnetic order between the two orbitals. Thus, based on
spin-space symmetry analysis [see Sec. I of Supplementary
Material (SM) [61] ], five staggered orders are identified in
Table I. These orders all feature zero net magnetization and
are generally classified as antiferromagnetic or altermag-
netic. Their matrix representationsO1→5 are fτ0σzsz; τxσzsz;
τxσ0sz; τzσ0sz; τzσzszg, where τ, σ, and s denote Pauli
matrices for orbital, sublattice, and spin degrees of freedom,
respectively.
We now discuss general results in Table I with PA↔B.

Collinear antiferromagnets can be either Néel or altermag-
netic types [13]. The O1 phase represents the Néel order,
which preservesPA↔BT , similar toO2 andO5. According to
Kramers theorem, bands in these phases maintain spin
degeneracy. However, O3 and O4 violate PA↔BT sponta-
neously, qualifying them as intrinsic altermagnets. They both

TABLE I. Symmetry classification and properties of five staggered orders, with or without inversion (PA↔B), in a two-orbital square-
lattice system with sublattices A and B. The spin-space group operator g acts on Oi as follows: g½Oi�g† ¼ χiOi, where the character
χi ¼ �1 corresponds to the symbols ✓ and ✗, respectively. Here, AM, AFM, FM, and SO denote altermagnetism, antiferromagnetic,
ferromagnetism, and spin-orbital, respectively. g-wave is planar type.

Symmetry

AFM order PA↔B fC2jjPA↔Bg C4zðXÞ fC2jjC4zðXÞg MA↔B fC2jjMA↔Bg With PA↔B w/o PA↔B

O1: τ0σzsz ✗ ✓ ✗ ✓ ✗ ✓ d-wave AM σzxx ≠ 0
O2: τxσzsz ✗ ✓ ✓ ✗ ✗ ✓ Néel AFM σzμν ¼ 0 SO g-wave AM σzμν ¼ 0
O5: τzσzsz ✗ ✓ ✓ ✗ ✓ ✗ Weak FM
O3: τxσ0sz ✓ ✗ ✗ ✓ ✗ ✓ Intrinsic SO d-wave AM σzxy ¼ σzyx ≠ 0
O4: τzσ0sz ✓ ✗ ✗ ✓ ✓ ✗ Intrinsic SO d-wave AM σzxx ¼ −σzyy ≠ 0

(b)(a) (c)

(e)(d)

FIG. 1. (a) The square lattice with A (red) and B (blue)
sublattices, each surrounded by four symmetric atoms (green).
D4 group at A/B and X fC4zðAÞ; C2xðAÞg ⊕
fC4zðXÞ; C2xðXÞg.(b) Jahn-Teller distortions of green atoms
around A and B, indicated by opposite-directional dot arrows.
Symmetry breaking by Jahn-Teller PA↔B ¼ C2xðAÞ × C2yðXÞ.
(c) The distorted lattice by combining (a) and (b). D2 group at
A/B and C4 group at X fC2zðAÞ; C2xðAÞg ⊕ fC4zðXÞg. (d) Tight-
binding band structure for the lattice in (c). (e) Spin conductivity
σzxx as a function of JT distortion strength δt12 forO1 (JT-induced)
and O4 (intrinsic) phases.
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feature d-wave altermagnetism, with subtle differences. For
O3, it adheres to ½C2jjC2xðAÞ�, which enforces the band
constraint ½C2jjC2xðAÞ�ϵnðs;kx;kyÞ¼ϵnð−s;kx;−kyÞ, leading
to nodal lines along kx ¼ 0 or ky ¼ 0. In contrast, the O4

phase shows ½C2jjMA↔B�-protected nodal lines along
kx ¼ �ky.
Extrinsic altermagnet—In addition to O3=4, other sym-

metry-compensated orders can transition into altermagnets
via symmetry breaking. Here, we examine crystalline
symmetry breaking induced by the Jahn-Teller (JT) mode
[Fig. 1(b)]. In this case, the directions of lattice distortions
for the A and B sublattices are opposite, resulting in a
different crystal field environment compared to the sym-
metric case [Fig. 1(a)]. As shown in Fig. 1(c), the symmetry
of the distorted lattice reduces to the D2 group at A=B
(fC2zðAÞ; C2xðAÞg) and the C4 group at X (fC4zðXÞg).
Specifically, the JT mode breaks the PA↔B symmetry or
equivalently C2yðXÞ.
Table I summarizes the effects of breaking PA↔B sym-

metry while preserving other symmetries. Here we focus on
the extrinsic spin-splitting bands in phases O1=2=5. By
symmetry, O1 belongs to a d-wave altermagnet with nodal
lines along kx ¼ �ky. O2 represent planar g-wave spin-
orbital AM, displaying four nodal lines along kx ¼ 0,
ky ¼ 0, and kx ¼ �ky. As expected, O5 breaks all the
symmetries required to classify it as an antiferromagnetic
phase, so that it exhibits a nonzero net spin magnetization.
To quantitatively investigate the influence of the JT

mode, we employ a tight-binding model within the mean-
field (MF) formalism for the staggered orders,

HMFðkÞ ¼ H0ðkÞs0 þ Δ1τ0σzsz þ Δ2τxσzsz

þ Δ3τxσ0sz þ Δ4τzσ0sz þ Δ5τzσzsz; ð1Þ

where Δi with i∈ f1;…; 5g are order parameters corre-
sponding to the Oi orders, and we assume that sz is
conserved. The noninteracting part isH0ðkÞ¼ τ0½ϵ0ðkÞσ0þ
ϵ1ðkÞσxþ ϵ3ðkÞσz�þ ½f1ðkÞτxþf3ðkÞτz�σ0 with ϵ0ðkÞ¼
−ðt1þ t2Þðcos2kxþ cos2kyÞ, ϵ1ðkÞ¼−2t0ðcoskxþcoskyÞ,
ϵ3ðkÞ¼ðt2−t1Þðcos2kx−cos2kyÞ, f1ðkÞ¼−4t3sinkxsinky,
and f3ðkÞ ¼ 2t5ðcos 2kx − cos 2kyÞ. Cartoon representa-
tions of these hoppings are illustrated in Sec. I of SM
[61]. We consider the intersublattice hopping t0 as the
dominant energy scale, which has been demonstrated to
support the metallic altermagnetic phase [62]. Moreover,
we define δt12 ≡ ðt1 − t2Þ=ðt1 þ t2Þ as a measure of the
lattice distortion while disregarding other factors. The band
structure for the distorted lattice is presented in Fig. 1(d),
using the parameters t0 ¼ 1, t3 ¼ 0.07, t5 ¼ 0.04, t1 ¼ 0.2,
and t2 ¼ 0.1 (i.e., δt12 ¼ 1=3). In our JT-induced extrinsic
altermagnetism, δt12 ≠ 0 resembles the effects of lattice
strain effect and ferroelectricity [54–58], both of which also
break PA↔B.

The JT-induced altermagnetic phases can be detected via
spin-conductivity measurements [72–74]. The spin current
carries spin polarization along the z direction, given by Jzμ ¼
σzμνEν with μ; ν∈ fx; yg. Symmetry constraints dictate that
the nonzero components are σzxx ¼ −σzyy ≠ 0 forO1 andO4,
σzxy ¼ σzyx ≠ 0 forO3, whereas all components vanish forO2.
We calculate explicitly σzμν as a function of δt12 for O1

(extrinsic altermagnet) and O4 (intrinsic altermagnet),
employing the linear response theory [75]. The results are
shown in Fig. 1(e). σzxx changes sign upon reversingΔ1 orΔ4.
Below the Néel temperature (T < TN), the system can
exhibit d-wave or g-wave AM, following a structural phase
transition (T < TS). In the d-wave scenario, if TN > TS,
σzxx ≠ 0 in the O1 phase only when T < TS. Thus, spin
conductivity can be a new means to detect the JT mode,
serving as an alternative to scanning transmission electron
microscopy [76]. While σzxx is small for O1 at small δt12, it
can be enhanced by tuning μ or considering JT-induced
crystal fields (see Sec. II of SM [61]). Notably, σzxx of
extrinsic altermagnets undergoes a sign changewhen the sign
of δt12 is inverted, whereas this behavior is absent in intrinsic
altermagnets.
Spin-orbital texture—To understand the underlying dif-

ference among O1, O4, and the other phases, we introduce
the spin-orbital weight or texture. In Sec. III of SM [61], we
derive the effective mean-field k · pHamiltonian around the
Γ (or M) point for Eq. (1). By projecting out the sublattice
degrees of freedom, we obtain

HΓðkÞ ¼ E0ðkÞ − ½4t3kxkyτx þ 4t5ðk2x − k2yÞτz�s0
þ ½Δ̃1ðkÞτ0 þ Δ̃2ðkÞτx þ Δ3τx þ Δ4τz�sz; ð2Þ

where E0ðkÞ ¼ m0ðk2x þ k2yÞ with m0 ¼ 2ðt1 þ t2Þ − t0,
J ¼ ðt1 − t2Þ=ð2t0Þ ∝ δt12, Δ̃1ðkÞ ¼ JΔ1ðk2x − k2yÞ, and
Δ̃2ðkÞ ¼ JΔ2ðk2x − k2yÞ. This shows the differences between
the JT-induced and intrinsic altermagnets. While the term
Δ̃1=2 is induced by the JT mode, Δ3=4 represent intrinsic
altermagnets. The spin splitting is elucidated from commu-
tation relations, e.g., ½ϵ3ðkÞτ0σzs0;Δ1τ0σzsz� ¼ 0. This
implies that changing the sign of δt12 is analogous to flipping
the sign ofΔ1, which accounts for the observed sign reversal
in σzxx. Moreover, the spin-split Fermi surfaces for each
altermagnetic phase are illustrated in Figs. 2(a)–2(d), respec-
tively. Specifically, Fig. 2(b) illustrates the g-wave character,
while Figs. 2(a), 2(c), and 2(d) show the d-wave altermag-
nets, in agreement with our symmetry analysis.
Remarkably, all altermagnetic phases except for O1

display orbital dependencies, showcasing nontrivial spin-
orbital textures. To illustrate this, we first define the spin-
resolved orbital weight on each Fermi surface,

pn
sðθkÞ ¼ hEn;sðkðnÞf;s; θkÞjτzjEn;sðkðnÞf;s; θkÞi; ð3Þ

where jEn;sðk; θkÞi represents the eigenstate ofHΓðk; θkÞ in

PHYSICAL REVIEW LETTERS 135, 176705 (2025)

176705-3



polar coordinates, n ¼ � is the band index without spin-

splittings (Δi ¼ 0), s ¼ f↑;↓g denotes spin, and kðnÞf;s is the
associated Fermi momentum. We present the main results
in Figs. 2(e) and 2(f) and provide the analytical expressions
in Sec. IV of SM [61]. Then, we introduce

Δpn
sðθkÞ ¼ pn

↑ðθkÞ − pn
↓ðθkÞ; ð4Þ

to capture the spin-orbital texture of the nth band. We show
Δpþ

s ðθkÞ in Fig. 2(e) and Δp−
s ðθkÞ in Fig. 2(f). Unlike the

other phases, Δp�
s only vanishes in the O1 phase [77].

Thus, Δps ≠ 0 signifies spin-orbital textures and character-
izes spin-orbital AM, which features a spin-orbital-locked
magnetic ordering. Moreover, Δps varies significantly
among different phases due to their distinct sym-
metry characteristics, i.e., Δpn

sðθkÞ ¼ Δpn
s ½ðπ=2Þ − θk� ¼

−Δpn
s ½ðπ=2Þ þ θk� for O2, Δpn

s ðθkÞ ¼ −Δpn
s ½ðπ=2Þ − θk�

for O3, and Δpn
s ðθkÞ ¼ Δpn

s ½ðπ=2Þ − θk� for O4.
Furthermore, the spin-resolved and angle-dependent

intensity is defined as

IsðθkÞ ¼
Z

∞

0

kdk
X
n

δðEf − En;sðk; θkÞÞpn
s ðθkÞ; ð5Þ

where δðxÞ is the delta function. The total spin-resolved
intensity is then obtained as N s ¼

R
2π
0 IsðθkÞdθk. It

measures the orbital polarization N s ¼ Ns;dxz − Ns;dyz ,
where Ns;dxz (Ns;dyz) denotes spin-resolved density of states
in the dxz (dyz) orbital. In Figs. 2(g) and 2(h), we plot
ΔN s ¼ jN s=ðNs;dxz þ Ns;dyzÞj as a function of Δi and δt12,

respectively. Interestingly, ΔN s is nonzero for bothO1 and
O4, whereas it vanishes for others. This distinction arises
from the sign-changing behavior of pn

s for the OAFM;2=3

phases. The dependence on δt12 can be also used to
distinguish O1 (JT-induced extrinsic altermagnet) from
O4 (intrinsic altermagnet), particularly for TN < TS.
Effect of JT-induced crystal field—The O1 phase lacks a

spin-orbital texture.However, this changeswhen considering
aQ2 JTmode. As derived in Sec. Vof SM [61], this JTmode
introduces both δt12 and a staggered crystal field, represented
as δJTτzσz. When δJT > JΔ1, a second-order perturbation
yields an additional term δJTΔ1=ð4t0Þτzsz in Eq. (2). This
term effectively resembles that of the O4 phase, as both
phases share the same symmetry classification when
δt12 ≠ 0. Therefore, the interplay between δJT and O1

significantly intensify Δpn
s ðθkÞ, which is proportional to

δJT. We note that δJT can reach substantial magnitudes (e.g.,
0.5 eV as reported in Ref. [63]), rendering the O1-induced
Δpn

s ðθkÞ comparable inmagnitude to that from theO2 phase.
We also explore this mechanism for spin-orbital textures in
candidate materials (see Sec. V of SM [61]). Therefore, we
conclude that spin-orbital texture is a universal feature of
both intrinsic and extrinsic altermagnets.
Weak magnetization—The spin-orbital texture for theO5

phase are provided in Sec. VII of SM [61]. Below, we
discuss two general mechanisms for generating magneti-
zation in altermagnets. The first mechanism arises from the
breaking of crystalline symmetries such as PA↔B and
MA↔B. Lifting symmetry constraints result in the effective
local moments at the two sublattices becoming nonequiva-
lent, leading to ferrimagnetism [Fig. 3(a)]. We calculate the

(b)(a) (d)(c)

(f)(e) (h)(g)

FIG. 2. (a)–(d) Spin-split Fermi surfaces for O1=2=3=4, respec-
tively, with the thick (thin) lines denoting the sz ¼ ↑ (↓) bands.
The color scheme represents the orbital weight on the Fermi
surfaces. (e),(f) Corresponding spin-orbital textures Δp�

s ðθkÞ for
the þ (inner Fermi surfaces) and − bands (outer Fermi surfaces),
respectively, as illustrated in (a). (g),(h) Spin-resolved orbital
polarization as a function of the altermagnetic gap ΔAFM ¼ Δ1

(black) and ΔAFM ¼ Δ4 (red), and JT distortion strength δt12,
respectively. Parameters for the k · p model are derived from the
tight-binding model used in Fig. 1(d), with m0 ¼ −0.2 for better
visualization. Other parameters are μ ¼ 2.5, Δ1 ¼ 2.5, Δ2 ¼ 3.5,
and Δ3=4 ¼ 0.2.

(c)(a)

(f)(d)

(b)

(e)

FIG. 3. (a) Illustration of weak magnetization (ferrimagnetism)
resulting from the breaking of crystalline symmetries in an
altermagnet. The calculated hszi are presented in (b) for O5

and in (c) for O2, respectively. (d) Depiction of noncollinear
magnetic order generated by SOC, effectively tilting the Néel
vector. Calculations of hs⃗i for O1 are shown in (e) and (f).
Parameters are the same as those used in Fig. 1(d).
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magnetization hszi for O5 as a function of δt12 [Fig. 3(b)]
[78]. Additionally, an example of MA↔B-breaking terms,
such as −2t4ðcos kx − cos kyÞτyσys0, can induce magneti-
zation in theO2 phase [Fig. 3(c)]. In both cases, the system
retains ½C2jjC4zðXÞ�, restricting magnetization to align along
the Néel-vector direction.
The second mechanism, applicable to both extrinsic and

intrinsic altermagnets, involves SOC. It gives rise to a
noncollinear magnetic order that consequently generates
Berry curvature. In practice, we tilt the Néel vector from the
z axis to an arbitrary direction (e.g., the x axis), such that
the fourfold rotation couples spatial rotation with internal
spin rotation. Thus, the ½C2jjC4z� symmetry is broken, as
illustrated in Fig. 3(d). The effective polarization angles of
the local moments at the two sublattices become mis-
aligned, giving rise to magnetization that plays a role akin
to the Dzyaloshinskii-Moriya interaction [79,80], as
numerically confirmed in Fig. 3(e). For the calculations,
HSOC ¼ λ1τyσ0sz þ λ2τ0σzðsin 2kxsy − sin 2kysxÞ is used,
where λ1 is the atomic SOC and λ2 is the PA↔B-preserving
Rashba SOC. We take the O1 phase for example and
calculate the magnetization as a function of λ2 and tilting
angle δθ in Fig. 3(f). The magnetization intensifies with
increasing λ2 and δθ. This further generates a hysteresis
loop in the anomalous Hall effect [23], with calculations
provided in Sec. VI of SM [61].
Possible realization—Finally, we explore a potential

realization of spin-orbital altermagnets using a mean-field
approach and then calculate the staggered susceptibility,
χiðTÞ ¼ −½ðkBTÞ=2�

P
iωn;kTr½G0ðiωn;kÞOiG0ðiωn;kÞOi�,

where T, ωn, and G0 are the temperature, Matsubara
frequency, and noninteracting Green’s function, respec-
tively (see Sec. VIII of SM [61]). The dominant contribu-
tion to χi arises from interband parts, and it converges to a
finite value as T approaches zero [64]. Using the same
parameters as in Fig. 1(d), we plot the maximum value of
χiðTÞ as a function of chemical potential μ near the half
filling, and find that the JT-induced altermagnets (O1=2) are
predominant [Fig. 4(a)]. Upon setting t5 ¼ 0, one can
analytically show χ1 ¼ χ2 for the model in Eq. (1) (see
Sec. VIII of SM [61]). However, our numerical results show

that χ2 becomes dominant when t5 ≠ 0 [Fig. 4(b)]. This can
be understood in the context of half filling. For O1, the t5
term is inactive in mediating electron hopping within the
same sublattice. Whereas, O2 permits such hopping,
thereby lowering the system’s energy.
We confirm that the momentum-resolved bare suscep-

tibilities ξiðqÞ exhibit a pronounced peak at the Γ point in
Sec. IX of SM [61]. Therefore, we can calculate the Néel
temperature by solving the linearized gap equation,
χiðTNÞ ¼ 1=Ui, where Ui represents the effective inter-
action in Oi. The absence of divergence in χi suggests a
finite critical interaction to stabilize altermagnets, in agree-
ment with self-consistent calculations. Based on the two-
orbital U − U0 − JH Hubbard model, the effective inter-
actions are U1 ¼ U þ JH for O1 and U2 ¼ U − JH for O2.
Thus, U1 is always larger than U2 as Hund’s rule requires.
This indicates thatO2 is likely the leadingphase at smallerJH
but larger t5, giving rise to the spin-orbital altermagnet, as
illustrated in the U − JH phase diagram [Fig. 4(c)]. This is
further supported by calculating random-phase-approxima-
tion renormalized susceptibilities [81]. Furthermore, the
interaction-driven phase transition from a planar g-wave to
d-wave altermagnet differs from previous reports [48,52,54].
Our theoretical framework for spin-orbital altermagnetism
can be generalized to investigate phase transitions between
distinct magnetic orders.
Conclusion—In summary, we show the crucial role of

AM phases in achieving nonrelativistic spin-orbital texture
by considering the intertwined orderings between spin and
orbital degrees of freedom. We demonstrate that both
extrinsic (e.g., JT-induced) and intrinsic altermagnets can
host nontrivial spin-orbital textures with distinct character-
istics. These altermagnetic phases can be detected via spin
conductivity and spin-resolved orbital polarization for a two-
orbital interacting model. We also discuss potential realiza-
tions for spin-orbital altermagnets based on the Ginzburg-
Landau theory. Additionally, weakmagnetization induced by
symmetry breaking, with or without SOC, can occur in the
altermagnets. Our results suggest that other structural phase
transitions beyond JT distortions can also lead to the cross-
over fromaNéel antiferromagnet to an altermagnet. Thus, our
Letter can guide future experiments on searching materials
and observing those intriguing states, particularly in square-
planner systems with d1 or d2 high-spin and 3d low-spin
states, aswell as in octahedral systemswithd1 ord2 high-spin
and d3 or d4 low-spin states. The spin-momentum
orbital locking in spin-orbital altermagnets may enable
efficient electrical magnetization control by spin-orbit
torques.

Note added—We recently became aware of several
preprints addressing related phenomena, including spin-
orbital locking effects in extrinsic altermagnets (O1) [82],
and candidate materials for intrinsic altermagnetism
(O4) [83,84].

(c)(b)(a)

FIG. 4. (a) Maximal value of χiðTÞ as a function of the chemical
potential μ for O1=2=3=4, with the dashed line marking the half
filling. (b) χ1 and χ2 (the two leading phases) as a function of t5.
(c) Schematic U-JH phase diagram for finite t5. Parameters are
the same as those used in Fig. 1(d).
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