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energy-level isolation of corner states. Our findings highlight a
previously unexplored spin−corner−momentum locking
mechanism, marking a distinct topological signature in
altermagnetic systems. This work not only expands the
classification of magnetic higher order topological phases but
also paves the way toward spin-resolved cornertronics in future
quantum devices.

To elucidate the origin of second-order topology in 2D
AMs, we first construct a minimal lattice model for a
monolayer AM system. Without the loss of generality, we
assume that the AM system crystallizes in a square lattice, as
shown in Figure 1a. The model incorporates two sublattices
and respects the spatial mirror symmetry Mxy. Within the spin
space group formalism, the system hosts a combined symmetry
[C2∥C4z], which induces an anisotropic spin-splitting charac-
teristic of altermagnetic systems, as shown in Figure 1b.
Specifically, we develop a minimal tight-binding model based
on the symmetry of the spin space group (SSG)
P−14/1m1m−1m∞m1 to capture the second-order topological
phase in this 2D square-lattice system. More importantly, as
discussed below, the model successfully captures the essential
topological features and phase transitions of 2D altermagnetic
band structures. In this context, the symmetry-allowed
Hamiltonian can be expressed as

= + + + +

+

†
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†
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†
+
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where tr represents the nearest neighbor hopping and tx and ty
denote the hopping amplitudes along the x and y directions,
respectively. Here, α = 1 and 2 denote the sublattices located
at (0.5, 0) and (0, 0.5), respectively. Δ is the staggered
potential. Notably, to preserve the [C2∥C4z] symmetry, the

hopping parameters must satisfy the condition =t tx y (and

=t ty x), which is essential for inducing spin splitting
associated with the altermagnetic character, as shown in
Figure 1b. In contrast, if =t tx x and =t ty y, the system
instead preserves the [C2∥P] symmetry, leading to spin-
degenerate bands characteristic of a trivial antiferromagnet.32

In realistic 2D materials, external perturbations, such as strain
and stress, frequently break the original crystalline symmetry.
Under uniaxial strain, the SSG of the 2D AM transforms from
P−14/1m1m−1m∞m1 to P1m1m−1m∞m1, and the space group
changes from P4/mmm to Pmmm. Consequently, the mirror
symmetry (Mxy) is broken, as are the SSG symmetries
[C2∥Mxy] and [C2∥C4z], driving the system toward a
ferrimagnetic configuration and resulting in spin polarization.
However, the C2z symmetry is preserved, which is essential for
the SOTI phase. In such cases, the emergence of a quantum
anomalous Hall insulator (QAHI) becomes possible.33,34 To
realize QAHI, spin−orbit coupling (SOC) is indispensable,
and many 2D AMs exhibit a finite SOC.10,11,33 Therefore, to
capture these effects, we extend the Hamiltonian to include
SOC and symmetry-breaking perturbations, which are ex-
pressed as follows:

= ·

=
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Although altermagnetism is typically associated with SOC-free
scenarios, in the presence of certain forms of SOC, the system
can still preserve symmetries associated with specific spin space
groups.35−37 For instance, when a weak lattice distortion (δ =
0.1) is introduced, spin polarization leads to a spin-selective

Figure 1. Effective model of second-order topological altermagnetic systems. (a) Illustration of the 2D AM SOTI model. (b) AM band structure
exhibiting spin splitting. Here, =t 1x

1 eV, =t 1.5y
1 eV, =t t0.8x y x y

2
,

1
, , and tr = 1. (c) Spin-polarized QAHI phase under broken Mxy symmetry.

The dashed lines represent the results without considering SOC, while the solid lines correspond to the results with SOC included, corresponding
to δ = −0.1. (d) Topological phase transition process under broken Mxy symmetry, wherein the AMs evolve from a SOTI phase to CPSOTI and
QAHI phases. (e) Energy spectrum on a quadrilateral quantum dot in the second-order topological phase, where a set of four corner states (colored
dots) can be observed. The inset displays the real-space distribution of these corner states.
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Dirac point along the high-symmetry M−Y line. The band gap
closure induced by symmetry breaking transforms the system
into a nodal semimetal. Upon introduction of SOC, a gap
opens at this crossing point, transforming the system from a
semimetal into a QAHI, as illustrated in Figure 1c. SOC is the
key factor that induces the QAHI phase, but it does not affect
the second-order topology as it preserves the C2z symmetry.

Meanwhile, this effective model also captures second-order
topological characteristics. By constructing a quantum disk
based on the square lattice, we identify four corner-localized
states within the bulk energy gap, as shown in Figure 1e. When
square quantum dots are constructed with altermagnetism, it is
also necessary to maintain the consistency of symmetry. In this
system, the C2z symmetry with respect to the spin index must
be preserved to ensure the emergence of corner states. By
calculating the electron filling in a charge-neutral nanodisk, we
find that the 4-fold degenerate corner states are occupied by
two electrons, one with spin up and the other with spin down.
Each corner hosts a partially filled state, giving rise to a
fractional corner charge of e/2. In fact, the corner states are
spin-resolved, a feature that becomes more evident upon
introduction of symmetry-breaking perturbations. This leads to
spin-polarized corner modes, as illustrated in Figure 2a.

Similarly, the two spin channels form doubly degenerate
corner states along the horizontal and vertical axes,
respectively, as shown in Figure 2b. Each of these spin-
polarized corner states also carries an e/2 corner charge. This
configuration gives rise to a corner-polarized second-order
topological insulator (CPSOTI), which emerges as a result of
breaking the mirror symmetry Mxy. Notably, as shown in
Figure 2b, the energy splitting between the spin-resolved
corner states can reach 33 meV, enabling experimental tuning
of the corner charge via control of the chemical potential. In
this regime, the corner degrees of freedom associated with the

corner electrons become clearly distinguishable. Therefore,
during the symmetry-breaking process of Mxy, a rare and
intriguing CPSOTI phase arises between the SOTI and QAHI
phases, as schematically illustrated in the phase diagram of
Figure 1d.

In systems that preserve mirror symmetry and are free of
spin−orbit coupling, staggered magnetic Weyl semimetals can
also emerge in addition to gapped distorted magnetic
insulators, as illustrated by the 3D band structure in Figure
2c. By tuning the hopping amplitudes, spin bands degeneracy
at the boundary of the first Brillouin zone. The corresponding
Fermi surfaces at −0.3 and −1.8 eV are shown in Figure 2d,
highlighting the distinctive spin-splitting characteristic of AMs.

After demonstrating the realization of spin−corner locking
in the SOTI in 2D AMs, we now turn our attention to its
realization in practical materials. First, we consider CrO as a
candidate material for this property. It possesses a D4h point
group symmetry, consisting of magnetic Cr atoms and non-
magnetic O atoms. The magnetic Cr atoms adopt an
antiferromagnetic configuration, as shown in the top and side
views in Figure 3. The optimized lattice constant of monolayer
CrO is a = 3.23 Å with a Cr−O bond length of 2 Å. The
collinear antiferromagnetic configuration, induced by the Neél
vector arrangement, leads to a staggered magnetic antiferro-
magnetic phase. The intrinsic band structure, as depicted in
Figure 3b, shows staggered spin splitting along the kx and ky
directions, with band crossing occurring at the X−M and Y−M
points. At this stage, the system is in a Weyl semimetal phase.
Upon breaking the space group symmetry through uniaxial
strain, a QAHI phase with a non-zero Chern number is
induced, with this result previously discussed by Guo et al.33

When strain is applied, the band merging can be eliminated,
resulting in a gapped SOTI. It is noteworthy that, when the
strain is unequal along the two directions, mirror symmetry
Mxy or rotational symmetry C4z is broken and the point group
transforms to D2h, leading to a fully compensated ferrimag-
netism (FiM). This results in spin-polarized bands, as shown in
Figure 3c. The Wannier-fitted Hamiltonian of CrO successfully
reproduces the system’s band structure and spin characteristics,
as shown in Figure S2. Under the simplified Harrison rule, we
obtain a linear first-order relation between the hopping
parameters and strain ε. Based on this, by tuning the hopping
elements in the Wannier Hamiltonian, we construct the
complete topological phase diagram of CrO as a function of εx
and εy, as shown in Figure 3d. The phase boundaries are
distinguished by the spin-resolved band gap, defined as

=
+gap

up dn

up dn (3)

where Δup/dn denote the band gaps for spin-up and spin-down
channels, respectively. As shown in the phase diagram, when εx
= εy (along the gray dashed line), the system undergoes a
transition from a Weyl semimetal to a spin−corner-locked
SOTI. In contrast, when εx ≠ εy, it leads to the emergence of
CPSOTI and QAHI phases, corresponding to phases ③ and ⑤
in Figure 3d. The surface state of the QAHI is illustrated in
Figure S3.

Meanwhile, we also examined the symmetry protection of
the second-order topological corner states. Under equal biaxial
strain along the x and y directions, the system preserves both
Mxy and C4z symmetries as well as the C2z symmetry. In 2D
systems, higher order topology is generally protected by

Figure 2. (a) Energy spectrum of a quantum dot with broken Mxy
symmetry in AMs, showing two sets of corner states (colored dots).
(b) Corresponding energy level diagram of the quantum dot, where
black horizontal lines denote bulk and edge states. Red and blue dots
represent spin-resolved corner states, with their real-space projections
shown on the right. (c) 3D spin-resolved band structure of the AM
Weyl semimetal. Degenerate points at the Fermi level for different
spin bands are marked with colored circles. (d) Fermi surfaces of the
AM Weyl semimetal at different chemical potentials.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.5c03191
Nano Lett. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c03191/suppl_file/nl5c03191_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c03191/suppl_file/nl5c03191_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c03191?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c03191?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c03191?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c03191?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c03191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


crystalline symmetries, such as rotation symmetry.38 As shown
in Figure 3e and f, the corner states persist even when the C4z
symmetry is broken, indicating that the higher order
topological features are protected by the C2z symmetry.
Accordingly, we evaluate the corner charge Qc under symmetry
operations at high-symmetry points to characterize the
topological nature of the system, as determined by the
following expression:39,40

= [ ] [ ] + [ ]Q
e

X Y M e
4

( )modc
(2)

1
(2)

1
(2)

1
(2)

(4)

where [ ] = # #p
(2)

p
(2)

p
(2) and the symbol “#” denotes the

count of symmetry eigenvalues at high-symmetry points. The
eigenvalues of the C2z rotational symmetry are defined
accordingly. Since C2z acts on the spin degrees of freedom,
we calculate the spin-resolved corner charge =Q e/ 2c

(2) from
all occupied states for spin-up and spin-down channels,
respectively. These results confirm that monolayer CrO is a
spin-resolved SOTI, carrying quantized fractional corner
charges protected by C2z symmetry. Building on previous
studies of CrO,33 we explore the emergence of spin-selective
second-order topological insulator (SOTI) phases and provide
a detailed topological phase diagram that reveals the rich phase
structure of the system. Notably, this higher order topological
phase exhibits a strong and rare binding relation between spin
and corner localization. By applying strain, we can energetically
separate the spin-resolved corner states by up to 11 meV,
which is sufficient for the experimental identification and spin-
resolved detection of cornertronic signatures. This mechanism
differs fundamentally from the electric field tuning strategy
used by Han et al.,30 where external fields were applied. In
contrast, we utilize the system’s intrinsic symmetry and strain
engineering to realize spin-resolved cornertronic functionality.

Based on the effective model, this type of 2D altermagnetic
second-order topology exhibits a high degree of universality.
Similar physics can be found in other altermagnetic materials

that support corner-polarization, second-order topology. For
instance, as shown in Figure 4a, Cr2Se2O serves as another

candidate. Although it contains an additional non-magnetic
atom compared to CrO, they share the same antiferromagnetic
configuration and space group symmetry. Likewise, the spin-
resolved band structure of Cr2Se2O, displayed in Figure 4b,
reveals characteristic altermagnetic features. By computing the
parity eigenvalues at the high-symmetry points under C2z

Figure 3. (a) Top and side views of CrO. Purple and blue spheres denote Cr and O atoms, respectively. (b) Spin-resolved band structure of CrO in
the altermagnetic configuration. Red and blue represent spin up and spin down. (c) Band structure of CrO under anisotropic strain along the x and
y axes. (d) Topological phase diagram under biaxial continuous strain, characterized by ηgap. Based on the Wannier-based TB model, (c) energy
spectrum of the square quantum dot with preserved Mxy symmetry and (d) energy spectrum with broken Mxy symmetry. The spin-associated corner
states are marked in red and blue. Insets show the total charge distribution of the spin-resolved corner states.

Figure 4. (a) Top and side views of Cr2Se2O. The purple, green, and
blue spheres represent Cr, Se, and O atoms, respectively. (b) Band
structure of the altermagnetic configuration of Cr2Se2O. Based on the
Wannier-based TB model, energy spectra of the corner quantum dot
with (c) preserved and (d) broken Mxy symmetry. Insets show the
total charge distribution of the spin-resolved corner states.
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rotation for all occupied states at the Fermi level, we again
obtain a quantized fractional corner charge of e/2. In the
absence of strain, the spin-polarized corner states are
degenerate in energy, as shown in Figure 4c. Upon application
of a small uniaxial strain, these spin-resolved corner states
become energetically distinguishable. Figure 4d illustrates how
distinct spin cornertronic features emerge at different energy
levels. It is worth noting that spin-polarized corner states have
also been discussed in previous works. Gong et al. realized such
states by applying external electric fields.31 In contrast, our
study induces spin polarization through the breaking of Mxy
symmetry and achieves spin-resolved corner electronics via a
spin−corner locking mechanism intrinsic to 2D AMs. These
approaches differ fundamentally in both their physical origin
and their implementation.

Here, we provide two representative material realizations.
Recently, AB-penta systems have been reported to host
CPSOTI phases;41 however, these systems do not exhibit
spin-selective corner polarization. In contrast, the spin-selective
CPSOTI phase proposed in our four-band model is universal
in nature, offering a platform for realizing spin-selective corner
modes across diverse material systems. The magnetic atoms
may be substituted by other transition metals, such as Mn or V,
and the non-magnetic atoms may include other chalcogens or
halogens. Similar band structures indicating altermagnetic
behavior have been reported in other materials, suggesting that
they may also exhibit cornertronic phenomena as described in
this work.11,12 It is important to experimentally probe the
second-order topological corner states in 2D AMs. The
fabricated 2D AM quantum dots should preserve the C2z
symmetry. The sample was then placed on a Au(111)
substrate. Following previous approaches for probing corner
states,42,43 scanning tunneling microscopy (STM) can be
employed to perform current-imaging tunneling spectroscopy
at the corner, edge, and bulk sites, measuring the differential
conductance (dI/dV) at each location. The dI/dV spectra can
then be used to distinguish the corner-localized states.

In summary, we propose a class of altermagnetic SOTIs
characterized by a strong coupling between spin and corner
d.o.f. This coupling leads to spin-resolved second-order corner
states that exhibit distinct spin cornertronic features. Notably,
the proposed spin−corner-locked SOTI represents a rare and
previously unexplored class among experimentally feasible
SOTIs. The cornertronic d.o.f. is uniquely highlighted in the
context of altermagnetism. Moreover, based on first-principles
calculations, we identify CrO and Cr2Se2O as material
realizations of the proposed cornertronic SOTIs. This design
strategy is not restricted to these two materials but is expected
to be broadly applicable to a wide range of 2D ion-induced
altermagnetic systems with similar symmetry and magnetic
configurations. Our results not only uncover a new form of
cornertronic behavior in SOTIs but also reveal a spin−corner−
momentum entanglement in altermagnetic systems, thereby
expanding the current understanding of magnetic topological
phases.
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