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Altermagnetism—moment-compensated magnetism with momentum-dependent spin splitting—has so
far been realized primarily in Néel-type antiferromagnets. Here, we demonstrate altermagnetism in folded
iron chain systems with block-type magnetic order (e.g.,71 ). In the strictly one-dimensional (1D) case,
altermagnetism is forbidden by the [C||7 ] symmetry, but it can emerge when such chains are stacked into a
quasi-1D array. To generate altermagnetic spin splitting via this chain-stacking mechanism, two essential
ingredients are required: a block-type spin order that spontaneously breaks the combined parity-time
reversal symmetry, and the finite interchain hopping. Using first-principles calculations, we identify the
K;Fe,Se, family as a promising platform that realizes this mechanism, hosting a d-wave altermagnet even
without lattice C, symmetry. Moreover, owing to its lower symmetry, the block-type folded chain exhibits
an isotropic altermagnetic spin splitting, which may manifest as an altermagnetic wrapping effect. Our
findings unify real-space block magnetism and reciprocal-space altermagnetism, establishing folded iron
chains as a tunable platform for zero-moment spintronic applications.
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Introduction—Altermagnetism is an emerging quantum
magnetic phenomenon that lies beyond the conventional
dichotomy of ferromagnetism and antiferromagnetism, and
has rapidly gained attention due to its rich fundamental
physics and potential spintronic applications [1-30]. In
contrast to ferromagnets, which exhibit a net magnetization
and uniform Zeeman spin splitting across the Brillouin zone
(BZ), and conventional antiferromagnets, which maintain
Kramers degeneracy due to compensated collinear magnetic
order, altermagnets feature compensated magnetic moments
with nonrelativistic spin splitting across the BZ. This unique
band splitting, proposed in early phenomenological studies
to occur even in the absence of spin-orbit coupling [31,32],
can be realized in magnetic materials, where it stems from
the magnetic symmetry of the crystal structure [33].

A defining characteristic of altermagnets is that their
opposite spin sublattices are related by crystal symmetries
such as rotation, mirror, glide, or screw operations—rather
than inversion or simple translation. This symmetry-induced
mechanism results in alternating spin splitting throughout
distinct regions of the BZ [1,13,34-36], giving rise to
unconventional transport phenomena. For example, alter-
magnets can exhibit large anomalous Hall and Nernst
effects—even in the absence of net magnetization or spin-
orbit coupling——challenging traditional assumptions in
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spintronics [6,37-39]. A growing list of candidate alter-
magnetic materials has been proposed theoretically [1,12],
and a number of them have recently been confirmed
experimentally [37-51]. Most of these systems host conven-
tional Néel collinear antiferromagnetic order (1]1)), in
which each spin is strictly antiparallel to its nearest neighbor.

As a counterpart of altermagnetism in real space, there is
an intriguing real-space magnetic texture known as the
block magnetic state (e.g., 11J]), which is commonly
observed in iron-based superconducting materials such as
BaFe,Se; and A,Fe,Ses (A = K, Rb, Cs, TI) [52,53]. In
this block state, magnetic moments align ferromagnetically
within small blocks, but adjacent blocks are coupled
antiferromagnetically. The origin of this block-type order
has been attributed to the competition between nearest-
neighbor ferromagnetic and next-nearest-neighbor antifer-
romagnetic exchange interactions, further enriched by
lattice distortions, orbital-selective correlations, and strong
electronic anisotropy [54-57].

Given the rise of altermagnetism and its profound
connection to crystal symmetry and spin texture, a com-
pelling question arises: can altermagnetic behavior mani-
fest in block-type magnetic systems? If so, what are the
microscopic mechanisms and symmetry requirements for
realizing altermagnetism in these spatially modulated
magnetic configurations? What novel electronic or trans-
port phenomena might such a state exhibit?

In this Letter, we address these fundamental questions
by proposing a symmetry-guided framework to realize
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altermagnetism in block magnetic states. We begin by
identifying the necessary magnetic and crystallographic
symmetry conditions that support nonrelativistic spin
splitting in the absence of net magnetization. Later, we
employ first-principles calculations to examine the evolu-
tion of the electronic structure under operations such as
chain rotation and decreasing interchain coupling. Then,
we explore possible real candidate materials where block-
state altermagnetism may be observed, providing exper-
imental guidance for future validation. Finally, we also
discuss the interesting transport phenomena of the block-
type magnetic altermagnet. Our results pave the way
toward unifying real-space magnetic block states with
reciprocal-space altermagnetic signatures and open a
new frontier in symmetry-driven quantum magnetism.

General mechanism—Motivated by the stacking-con-
struction paradigm well established for weak topological
insulators [58], here we realize altermagnetism in a block
magnetic state by introducing controlled interchain cou-
pling to a minimal one-dimensional (1D) folded chain
[see Fig. 1(a)]. This provides a general symmetry-guided
route to engineering altermagnetic phases in quasi-1D
systems.

In the absence of spin-orbit coupling, a collinear anti-
ferromagnetic order must respect the [C,||7] symmetry
[60], where C, is a spin-flip operator acting solely on the
spin subspace and 7 is the spinful time-reversal operator.
Consequently, altermagnetism in any dimension requires
even-parity band dispersions E(,(lz) = Eg(—l;) with ¢ = 1
and |. In the strict 1D case, altermagnetism is forbidden:
the [C,||M ] symmetry enforces zero net magnetization and
constrains the bands to satisfy E,(k,) = E|(—k,), which
together with the even-parity condition yields fully spin-
degenerate bands. In the 2D case, introducing the interchain
hopping leads to Ej(k,,k,) = E (—k,,k,). Combined
with E; (k.. k,) = E,(=k,,—k,), this gives E;(k,,k,) =
E| (k. —k,), yielding symmetry-enforced altermagnetic
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nodal lines along k, = 0 and k, = O—the hallmark of d-
wave altermagnetism even without lattice C, symmetry.
The 3D case follows naturally by stacking 2D layers,
producing analogous nodal lines in the k, —k,, plane
(ky = k,); see details in Supplemental Material [61].

We now examine the FeSe, chain composed of edge-
sharing FeSe, tetrahedra, the basic building block of the
chain-stacking construction. As illustrated in Figs. 1(b)
and 1(c), we examine four representative magnetic
configurations—ferromagnetic (FM), antiferromagnetic
(AFM), and two distinct block-type patterns (B1 and
B2)—within both ideal (straight) and folded geometries.
The folded structure introduces a substantial bending angle
between every two FeSe, units, fundamentally altering the
symmetry landscape of the system.

In the FM configuration, both ideal (unfolded) and folded
chains break 7', resulting in Kramers degeneracy lifting and
a uniform spin splitting across the whole BZ. In contrast, the
AFM and B2 states preserve Kramers degeneracy through a
combination of time-reversal symmetry and spatial sym-
metries such as inversion and/or lattice translation, regard-
less of whether the structure is ideal or folded.

In the ideal chain, the B1 and B2 magnetic patterns are
symmetry equivalent, both preserving P7 symmetry and
leading to spin-degenerate band structures. However, this
equivalence is broken in the folded geometry. Notably, the
B1 configuration in the folded chain breaks P7 due to the
structural distortion introduced by the bending. While P
and mirror symmetry are preserved, the absence of P7
symmetry gives rise to altermagnetic spin splitting in
momentum space once interchain hopping is turned on.
Thus, altermagnetism in the iron chains requires two key
ingredients: a block-spin texture that breaks P7 symmetry
and a finite interchain hopping. This highlights the delicate
interplay between lattice geometry and magnetic symmetry,
revealing how subtle structural modulations can enable
altermagnetism.
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(a) Schematic illustration of the FeSe, stacking structures visualized via the VESTA code [59], showing the evolution from

isolated one-dimensional (1D) chains to stacked two-dimensional (2D) and three-dimensional (3D) lattices through interchain hopping.
Schematics of time-reversal (7) and inversion (P) symmetry operations applied to different magnetic configurations in (b) perfect and
(c) folded iron chains with interchain hopping. Four representative magnetic states are analyzed: ferromagnetic (FM), antiferromagnetic
(AFM), block type 1 (B1), and block type 2 (B2). Brown and green spheres represent Fe and Se atoms, respectively, with Se forming
FeSe, tetrahedra. Note that altermagnetic splitting emerges only with finite interchain hopping.
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FIG. 2. (a) Spin-resolved band structure of the B1 magnetic
configuration in the stacked-chain system with one folded chain
per unit cell, plotted along the high-symmetry path R’-I'-R.
(b) Fermi surface corresponding to a lower chemical potential
u = —0.65 eV, indicated by the dashed purple line in (a).

To further illustrate this, we consider a simplified 3D
crystal model with interchain couplings [see Fig. 1(a)].
Here, the lattice constants (in units of A) are ¢ = 7.400 and
¢ = 11.937 for both folded and ideal structures, while b =
11.296 and 11.546 for the folded and ideal structures,
respectively. We present the calculated spin-resolved band
structure [62—67] and Fermi surface (chemical potential
u = —0.65 eV) for the folded B1 configuration as shown in
Fig. 2. A clear alternating spin splitting is observed along
the high-symmetry path R’-I"-R, confirming the emergence
of nonrelativistic spin polarization despite the absence of
net magnetization. Owing to the 2/m point group symmetry
of the folded chain crystal, the spin splitting exhibits a
d-wave character in momentum space in agreement with
the general symmetry analysis discussed above. This is
further confirmed by the spin-resolved Fermi surfaces
shown in Fig. 2(b).

Interchain interaction effect—To further explore the
tunability and robustness of altermagnetism, we investigate
its evolution under variations in interchain orientation and
spacing, as illustrated in Fig. 3. The starting point is the
primitive folded chain configuration [Fig. 3(a)], whose
electronic structure has been previously shown in Fig. 2.
We first consider the effect of rotating the chain about the b
axis by 45° and 90°, while keeping the lattice dimensions
fixed [Fig. 3(b)]. The corresponding spin-resolved band
structures [Figs. 3(c) and 3(d)] reveal that the hallmark
alternating spin splitting along the R’-I'-R path persists,
indicating that the altermagnetic behavior is robust against
such rotations. Interestingly, the magnitude of spin splitting
varies nonmonotonically with the rotation angle: at a fixed
chemical potential x = —0.65 eV, the splitting increases
when the rotation reaches 45°, then diminishes upon further
rotation to 90°.

We next examine the role of interchain coupling by
varying the lattice constants a and ¢ while preserving the
folded chain geometry. When the interchain distance is
reduced to a = ¢ =5.000 A with increasing interchain
hopping, the band structure becomes more dispersive, and

d
© sl (d)
L T~ T
—~ 0.0 —
>
=
—10g =
-1.5 —
© 03 TUN R
’; 0.0 S —
> ——————
N |
-15 [~ A\/_—’Ii
R' r RIR' r R
FIG. 3. (a) Crystal structure of the folded single-chain system

with the chain direction aligned along the b axis. The lattice
constants along the a and ¢ directions are denoted as a and c,
respectively. (b) Schematic illustration of rotating the chain
around the b axis by 45° and 90°, while keeping the lattice
box fixed. (c),(d) Corresponding spin-resolved band structures
for the rotated chain configurations: (c) 45° and (d) 90°. (e),
(f) Band structures for two different lattice constants:
(€) a=c=5.000A and (f) a = ¢ = 15.000 A. Note that the
interchain hopping is effectively enhanced in panel (e) and
completely suppressed in panel (f).

the alternating spin splitting is enhanced across multiple
bands [Fig. 3(e)]. In contrast, when the interchain distance
is increased to @ = ¢ = 15.000 A with fully suppressed
interchain hopping, effectively isolating the chains, the spin
splitting vanishes entirely [Fig. 3(f)]. This behavior under-
scores the critical role of interchain interaction and crystal
symmetry in stabilizing the altermagnetic splitting in the
block magnetic phase, supporting the discussion of the
general chain-stacking mechanism (see End Matter). We
also present effective tight-binding model calculations
analyzing the role of interchain hopping in altermagnetism
in Supplemental Material [61].

Real example materials—Then, how to realize altermag-
netism in real materials based on the block state idea? In
iron chain systems, three typical magnetic configurations
are associated with different electron occupations of Fe
ions, corresponding to Fe?* (3d°), Fe?>* (3d°7), and Fe**
(3d°), respectively [see Fig. 4(a)]. Representative materials
for these cases include Ce,O,FeSe, (Fe’"), K;Fe,Se,
(Fe>>*), and BaFe,Se, (Fe’*). In Ce,0,FeSe,, the
“half-full” mechanism stabilizes FM order along the chain
direction [55,68]. For BaFe,Se,, the strong Anderson
superexchange mechanism leads to a robust AFM ground
state [69]. The intermediate case of Fe%>* is of particular
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FIG. 4. (a) Schematic phase diagram illustrating typical mag-

netic configurations in iron-based chains as a function of electron
occupation. (b) Bl-type magnetic configuration of K;Fe,Se,.
(c) Total energy comparison of various collinear magnetic
patterns obtained from first-principles calculations, and here
the energies of B1-type are set as reference. Note: only collinear
magnetic configurations are considered. Since each unit cell
contains two chains, the “*—1" notation indicates antiferromag-
netic coupling between the chains, while the absence of “—1”
implies ferromagnetic coupling. Inset: a more detailed energy
comparison between the Bl and B2 patterns at U =2 eV.
(d) Electronic band structure corresponding to the B1 magnetic
configuration, showing features consistent with altermagnetism.

interest, as both the FM “half-full” mechanism and AFM
superexchange are relevant. Their competition gives rise to
a characteristic block magnetic configuration, specifically
the 1-1-}-] (Bl-type) pattern as predicted in Ref. [56].

Recent neutron scattering experiments have confirmed
the collinear B1-type magnetic configuration along the
chain direction in the material KyFe,Se, [see Fig. 4(b)]
[70]. Even if the folding introduces perturbations that
locally break spatial inversion—such as the staggered
altermagnetic exchange field discussed in Supplemental
Material [61]—the magnetic moments remain strictly
collinear. Therefore, we consider only collinear magnetic
configurations. The system contains two magnetic chains
per unit cell, each exhibiting collinear spin alignment. The
angle between the chains is approximately 90°, which—
according to Fig. 3—can modulate the band structure while
preserving the key features of altermagnetism.

The total energy comparisons are shown in Fig. 4(c).
Among various magnetic patterns, the energy difference
between ferromagnetically and antiferromagnetically
coupled chains is relatively small, suggesting weak inter-
chain exchange interactions. Within each chain, the FM and

AFM states have higher energies, while B1 and B2 patterns
are energetically competitive. The ground states vary
depending on the U value. Specifically, at U =2 eV,
the B1 configuration is energetically favored over B2,
making it the ground state. The corresponding band
structure of the B1 configuration is presented in Fig. 4(d),
displaying the features of an altermagnet.

These interesting block-type magnetic states may be
closely related to the physics of orbital-selective Mott
phases, as discussed in our previous work on the Fe?>*
chain [56]. Another notable feature is the nonsymmorphic
symmetry. In the unit cell, the two chains are related by two
glide symmetries. As shown in Fig. 4(d), the spin-split
bands are twofold degenerate along the Z-R line for the B1
spin configuration. This degeneracy arises from the combi-
nation of the glide symmetry—which combines a mirror
reflection about the [001] axis with a fractional translation
—and the combined inversion and [C,||T]. The degeneracy
is lifted when k, deviates from z, such as along the I'-S line.

Recently, another work also utilized block magnetic
order to break the combined P7 symmetry and realize
altermagnetism in A,FesSes under pressure [71]. The
underlying physical insight is based on the 2D Lieb
lattice [30,72], which enables nonrelativistic momentum-
dependent spin splitting. However, our Letter establishes a
general 1D chain-construction framework for engineering
2D or 3D altermagnetism, where the interchain coupling
and block order together stabilize altermagnetic splitting.
By systematically stacking folded 1D chains with tunable
interchain coupling, our approach offers a transferable
design principle that can be generalized to a broad family
of quasi-1D materials.

Besides K;Fe,Se,, the family of As;Fe,X, compounds
(A = Na, K, Rb, Cs, Tl; X = S, Se) consists of serial iron
chain materials with folded chains, providing a rich plat-
form to explore altermagnetism in folded-chain systems
[73-77]. To date, only a few members of this family have
been investigated in detail regarding their magnetic proper-
ties [78-80]. Based on the limited description available
for Tly;Fe,S, [79], this compound exhibits a collinear block
magnetic state, though it remains unclear whether it
corresponds to the Bl or B2 type. NasFe,Se, and
NasFe,S, exhibit one-dimensional antiferromagnetic order
within the chains, while the detailed spin configuration
remains undetermined [78]. In this case, collinear block
states, noncollinear physics, or canted spins with small net
moments may be realized in some 324-type materials,
which warrant further investigation.

Discussion and conclusion—We briefly discuss the trans-
port properties of this block magnetic altermagnet based on
tight-binding model calculations (see Supplemental Material
[61]). The chain-stacking constructed altermagnet exhibits a
rich set of symmetry-selected responses, distinct from
those of both ferromagnets and conventional antiferromag-
nets. We further compare our folded-chain system with other
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TABLE 1. Comparison of symmetry and transport properties among representative d-wave altermagnets (AMs).
d-wave AM Symmetry Spin splitting Charge conductivity Spin conductivity Spin polarization
RuO, films [Cal|Cus] [Cal M) Jokoky + Ty (k k3 + K3k, Ou =0y, o5 =GR 5=
[E‘ |Mxy(i"y)}
Monolayer
KV,8e,0 family  [Cof|Cy.] [CoIMyzy)]  Jo(k3 = &5) + Ty (kS = &3) Oxx = Oy o =" X = =25
[E|| M x(y)]
Folded chain [Cy||M,] Jokoky + J ik S + Jrkik, Oy # Oy oM = R X6 = Ik

representative d-wave altermagnets, including RuO, thin
films [6,37,81-83] and the monolayer KV,Se,O family
[50,51,84-87]. Unlike these systems, which possess lattice
C,, our chain-stacking altermagnet naturally lacks C,
symmetry and thus has a lower-symmetry crystalline envi-
ronment. Note that K;Fe,Se, realizes bulk altermagnetism
without layer-parity constraints, in contrast to the hidden
altermagnetism in the bulk KV,Se,O families [88-90].
Nevertheless, our general chain-stacking mechanism can
be straightforwardly extended to construct hidden altermag-
netism [91-93]. As shown in Table I, our system features an
anisotropic charge conductivity and a symmetric spin
conductivity tensor, while also hosting a finite second-order
spin polarization. Moreover, the anisotropic spin splitting
takes the form Jok, k, + J,k k3 + Jok3k,. This gives rise to
the altermagnetic wrapping effect once J; # J,—a distinc-
tive feature of our iron chain altermagnet. It may also
lead to additional spin degeneracies away from high-
symmetry lines, e.g., at ky, = 4=+/—J/J; (assuming J, = 0
and sign[/yJ,] < 0).

Finally, we would also clarify the relation between our
microscopic folding mechanism and flexomagnetism. A
very recent work on the interplay between bending and
altermagnetism demonstrated that curvature gradients in a
thin altermagnetic film induce a local net magnetization
[94]. In our folded or bent chain with block-type order, the
[C,||M,] symmetry strictly links opposite magnetic
moments and enforces exact compensation, yielding a pure
altermagnetic state with zero net magnetization. Thus,
while flexomagnetism offers a complementary geometric
tuning knob, our mechanism is distinguished by the
symmetry-protected absence of net magnetization.

In summary, we have demonstrated that altermagnetism
can emerge in folded iron chain systems exhibiting block-
type magnetic order. Through a combination of symmetry
analysis and first-principles calculations, we identified the
critical role of lattice geometry, interchain coupling, and
magnetic configuration in enabling nonrelativistic spin
splitting despite the absence of net magnetization. Our
results reveal that the Bl-type block state in quasi-1D
folded chains naturally breaks combined spacetime inver-
sion symmetry, giving rise to altermagnetism. We further
showed that this altermagnetic behavior is robust against

chain rotation and sensitive to interchain spacing, high-
lighting the tunability of the effect. Quasi-1D K;Fe,Se,
family materials could be an ideal platform to achieve
block-type magnetic altermagnetism. Overall, this Letter
establishes a unifying framework connecting real-space
block magnetism and reciprocal-space altermagnetic phe-
nomena and opens avenues for the design of novel quantum
materials with symmetry-driven transport properties.

Note added—Recently, we became aware of a related
work [95], in which altermagnetism is controlled by tuning
the interchain magnetic coupling between Néel chains
through their separation. In contrast, we establish a strict
1D no-go theorem for altermagnetism and show that
interchain hopping overcomes this constraint, driving
‘PT -broken folded chains into a d-wave altermagnetic
state (see End Matter).
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End Matter

Minimal model for the folded iron chain—To capture
the essential physics, we consider a minimal four-band
tight-binding model for a folded iron chain with block-type
magnetic order. The unit cell contains four magnetic sites:

sites 1 and 4 carry spin-up moments, while sites 2 and 3
carry spin-down moments (see Supplemental Material
[61]). In the basis ¥} = (cl..chi i cir,)s the
Bloch Hamiltonian for spin sector 6 = +£1 takes the form
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(a) Band structure of the folded iron chain along I'-M for ' /¢, = 0.75, tracking the bands near E ~ 0. The red and blue lines

denote spin-up and spin-down states, respectively. A spin-split gap opens near E = 0. (b) Spin-split gap (red solid line, left axis) and
interchain hopping 7'/, (blue dashed line, right axis) as functions of the interchain distance d. Both quantities decrease rapidly with

increasing d.

—6B —ty — e’
Ho(k) = —ty — t’e—.”‘.v —oB |
(1 +e*)  —t) — e’k
—tieth — 13—t (1 + ')

where B denotes the exchange splitting, 7, the intracell
nearest-neighbor hopping, #,,5 the intrachain hoppings
along the folded x direction, and ¢ the interchain
(folding-induced vertical) hopping along y. The opposite
spin sector follows from ¢ — —¢. To further illustrate the
tunability of the altermagnetic spin splitting, we examine
how the interchain distance d affects the electronic
structure. The interchain hopping decays exponentially
with d, #(d) = 0.75tyexp|—(d — dy)/4], where dy = 1.0
and 4 = 1.0 in lattice units. As shown in Fig. 5(a), for
t'/ty = 0.75, the spin-up and spin-down bands near E ~ 0
are split, opening a gap along the I'-M line. Figure 5(b)
shows that both # and the resulting spin-split gap
decrease rapidly as d increases. This behavior indicates
that the spin splitting in the folded iron chain is primarily

—tz(l + e_ikx) —tle_ik‘ — l3
—t; —tze™Re  —ty(1 + e
1= 13 2 _ ) (A1)
cB —ty— ek
—ty — et oB

|

controlled by the interchain coupling: a larger interchain
distance weakens 7/, thereby reducing the spin-split gap.
Our results thus suggest that the altermagnetic response
can be effectively tuned by modifying the interchain
spacing.

In the above calculation, we have kept the interchain
coupling FM. Consequently, a large interchain distance
d > 1 destroys the altermagnetic spin splitting. This is the
altermagnetic version of the “no-go” theorem for the 2D-to-
1D crossover. It differs from Ref. [95], where the vanishing
of spin splitting with increasing d originates from a
transition of the interchain coupling from FM to AFM,
thereby restoring the combined inversion and time-reversal
symmetry {see Figs. 2(b)-2(e) of Ref. [95]}. Thus, the two
mechanisms are fundamentally different.
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