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We study a one-dimensional hybrid system made of a p-wave altermagnet and a metal possessing the orbital
degree of freedom. The hybrid system is a topological insulator without the spin-orbit interaction. There emerge
two edge states per one edge, because the system is mapped to a set of two copies of a topological insulator.
Each copy resembles the long-range Su-Schrieffer-Heeger model but it is topologically different. Topological
interface states emerge at a domain wall of the p-wave altermagnet, which are charged due to the Jackiw-Rebbi
mechanism. Hence, the domain wall of the p-wave is controllable and detectable by purely electrical means.

Altermagnets are the third type of magnets from the view-
point of symmetry[1–3]. They are expected to be key players
of next generation memories because they have both merits
of ferromagnets and antiferromagnets. The even-parity alter-
magnets including the d-wave, f -wave and i-wave altermag-
nets are main targets[4–16]. Recently, p-wave altermagnets
were proposed[17]. The study of odd-parity altermagnets is
just a beginning stage[18].

Magnetic domain walls are used for magnetic memories.
For example, the magnetic race-track memory stores informa-
tion by positions of domain walls[19, 20]. Readout and con-
trol of the position of the domain wall are essential. In ferro-
magnetic domain wall, it can be read out by observing magne-
tization. In addition, the position of the domain wall is shifted
by applying a current due to the spin-transfer torque[21, 22].
On the other hand, it is difficult to read out and control the po-
sition of a domain wall of antiferromagnetic systems[23–29].

In the even-parity altermagnets, the magnetization is read
out by anomalous Hall effects[4–7] because time-reversal
symmetry is broken. However, this is not the case in the
p-wave altermagnet because time-reversal symmetry is pre-
served. Then, it is a highly nontrivial problem to detect and
control the magnetic domain wall made of the p-wave alter-
magnet. As far as we are aware of, there is no study on
the topological property based on the p-wave altermagnet al-
though there are some works[30–34] on the d-wave altermag-
net.

In this paper, we study a hybrid system made of the p-
wave altermagnet and one-dimensional metal possessing the
orbital degree of freedom. We find the emergence of two-fold
zero-energy topological edge states at each edge. It is under-
stood by making a unitary transformation, where the system
becomes a set of two copies of one-dimensional topological
insulator model. This model resembles the long-range Su-
Schrieffer-Heeger (SSH) model but its topological properties
are different although both models belong to the same topo-
logical class BDI. Next, we show that the Jackiw-Rebbi inter-
face states exist at the domain wall made of the p-wave alter-
magnet. Because they are charged, the domain-wall position
is detected and controlled with the aid of electric field.

Model: We analyze the system where a one-dimensional
metal with the orbital degree of freedom is attached to a p-
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FIG. 1. Topological phase diagram in the J-µ plane for (a) the
Hamiltonian H0 and (b) the SSH Hamiltonian HSSH.

wave altermagnet. The Hamiltonian is given by

H =Γ0z

∑
x

t

2

(
ĉ†xĉx+1 + ĉ†x+1ĉx

)
− µĉ†xĉx

+ Γzx
J

2i

∑
x

(
ĉ†xĉx+1 − ĉ†x+1ĉx

)
, (1)

where Γµν ≡ σµ ⊗ τν is the gamma matrix with σµ the
Pauli matrix for spins and τν the Pauli matrix for orbitals; t
is the hopping amplitude and µ is the chemical potential for
the metallic wire, while J is the magnetization of the p-wave
altermagnet. We note that there is no spin-orbit interaction in
the Hamiltonian.

The Hamiltonian density reads in the momentum space as

H(k) = (t cos k − µ) Γ0z + (J sin k) Γzx, (2)

where k is the momentum along the x-direction, 0 ≤ k < 2π.
The energy spectrum is given by

E(k) = ±
√
(t cos k − µ)

2
+ (J sin k)

2
, (3)

where the energy is two-fold degenerated. The gap closing
conditions are given by |µ/t| = 1 and J = 0 with |µ/t| <
1, which are illustrated by red lines in the J-µ plane as in
Fig.1(a).

Symmetry: The system has chiral symmetry {H,Γ} = 0
with the chiral operator Γ ≡ [Γ0z,Γzx] /2i. It has also
time-reversal symmetry ΘH (k)Θ−1 = H (−k) with Θ =
iσy . In addition, there is particle-hole symmetry operator
ΞH (k) Ξ−1 = −H (−k) with Ξ = τx. Then, the system
belongs to the class BDI, whose topology is characterized by
the class Z.
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FIG. 2. Energy spectrum for a finite chain. The horizontal axis is
the site index. (a) One-dimensional model described by Eq.(1), (b)
nanoribbon described by Eq.(28) with W = 2, (b) nanoribbon with
W = 3 and (b) nanoribbon with W = 4. Red color indicates the
topological edge states, while cyan color indicates the bulk states.
Insets in (a) and (c) show the enlarged energy spectrum in the vicinity
of the zero energy. We have set J = 0.5t, µ = 0 and L = 20.

Topological edge states: We study a chain with a finite
length. The energy spectrum is shown in Fig.2(a). There
emerge four zero-energy topological edge states as is clear in
the inset of Fig.2(a), where two zero-energy edge states are
present at each edge.

We show the energy spectrum as a function of J by setting
µ = 0 in Fig.3(a). The system is gapped for J ̸= 0, where
topological edge states emerge at the zero energy. There is a
tiny gap around J = 0 in Fig.3(a), which is due to the finite-
length effect owing to the overlap between two topological
edge states. We show the energy spectrum as a function of
µ in Fig.3(b), where the topological edge states are found for
|µ/t| < 1.

Winding number: We make a unitary transformation of
H(k) by a matrix U given by

U ≡(−iΓ0x + Γ0z + Γx0 − Γxy

+ iΓyx + Γyz + iΓz0 + iΓzy)/2
√
2. (4)

It follows that

UHU−1 = H0 ⊗ τ0, (5)

with

H0 ≡
(

0 q (k)
q∗ (k) 0

)
, (6)

and

q (k) ≡ t cos k − µ− iJ sin k, (7)

where we have used the relations UΓ0zU
−1 = Γx0 and

UΓzxU
−1 = Γy0. The Hamiltonian reduces to a set of two

copies of the two-band model H0.

FIG. 3. (a) Energy spectrum as a function of J , where we have set
µ = 0. (b) Energy spectrum as a function of µ, where we have set
J = 0.5t. Red color indicates the topological edge states, while cyan
color indicates the bulk states. We have set L = 20.

The topological number is the winding number defined by

w ≡ i

2π

∫ 2π

0

q−1 (k)
dq (k)

dk
dk. (8)

The winding number is w = 1 if q (k) encircles the origin
anticlockwisely in the complex plane made of Re[q (k)] and
Im[q (k)], while it is w = −1 if q (k) encircles the origin
clockwisely. On the other hand, it is w = 0 if q (k) does not
encircle the origin. We show the topological phase diagram in
the J-µ plane in Fig.1(a). If |µ/t| < 1, the winding number is
w = 1 for J > 0 and w = −1 for J < 0. On the other hand,
w = 0 for |µ/t| > 1. It agrees with the number of topological
edge states at one edge in the system H0.

Comparison to the SSH model: The Hamiltonian H0

could be mapped to the long-range SSH model HSSH with
qSSH (k) = tA + tBe

−2ik − µe−ik by making a unitary trans-
formation,

HSSH = USSHH0U
−1
SSH ≡

(
0 qSSH (k)

q∗SSH (k) 0

)
, (9)

with

USSH ≡
(

1 0
0 eik

)
, qSSH (k) = q (k) e−ik. (10)

and tA = (t− J) /2, tB = (t+ J) /2. However, their topo-
logical properties are different, as shown in Figs.1(a) and
(b). The difference is understood because the momentum-
dependent unitary transformation USSH is nonlocal.

Indeed, the winding number is transformed as

wSSH ≡ i

2π

∫
q−1

SSH (k)
dqSSH (k)

dk
dk

=
i

2π

∫ (
q−1 (k)

dq (k)

dk
− ik

)
dk = w + 1. (11)

It well explains the relation between these two models as in
Fig.1(b).

Jackiw-Rebbi zero-energy interface state: We consider
a domain wall configuration J (x) in the altermagnet with
length L. We assume that it has the same form as in the con-
ventional magnet,

J (x) = Jσz tanh
x− L/2− 1/2

ξ
, (12)
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FIG. 4. (a) Spatial profile of the topological interface and edge states
base on the Jackiw-Rebbi model. (b) Spatial profile of the topolog-
ical interface states based on the magnetic domain-wall model. Red
curves indicate numerical results based on the tight-binding model,
while blue curves indicate analytic solutions based on the Jackiw-
Rebbi model. We have set ξ = 5 and J = 0.5t.

satisfying limx→∞ J (x) = J and limx→−∞ J (x) = −J ,
where the magnetization is flipped without in-plane compo-
nents. The in-plane component is neglected, which is a good
approximation for a very sharp domain wall, ξ/L ≪ 1. We
will discuss the effect of the in-plane canting later in the cases
of the Bloch and Néel domain walls.

The gap closes at k = ±π/2, µ = 0 and J = 0. In its
vicinity, the Hamiltonian H0 is expanded as

H0 =

(
0 ∓tk′ − µ− iJ

∓tk′ − µ+ iJ 0

)
, (13)

where we have defined k′ = k ∓ π/2. The Jackiw-Rebbi
equations read[35]

{∓it∂x − µ− iJ (x)}ψB (x) = 0, (14)
{∓it∂x − µ+ iJ (x)}ψA (x) = 0, (15)

where (ψA, ψB) is the basis vector of the Hamiltonian H0 in
the coordinate space.

Case (i): The solution is

ψA (x) = 0, (16)

ψB (x) = exp

[
∓1

t

∫ x

(−J (x′) + iµ) dx′
]
, (17)

for J > 0 with k′ = k−π/2, and for J < 0 with k′ = k+π/2.
Case (ii): The solution is

ψA (x) = exp

[
∓1

t

∫ x

(J (x′) + iµ) dx′
]
, (18)

ψB (x) = 0, (19)

for J < 0 with k′ = k−π/2, and for J > 0 with k′ = k+π/2.
In the case (i), with the use of Eq.(12), we obtain

ψB (x) =

√
Γ (1/2 + |J | ξ/t)√
πξΓ (|J | ξ/t)

eiµx/t cosh−
|J|ξ
t
x− L+1

2

ξ
.

(20)
In the case (ii), we obtain Eq.(20) for ψA (x). We show the
spatial profile |ψ (x)|2 ≡ |ψA (x)|2 + |ψB (x)|2 by a blue
curve in Fig.4(a).

FIG. 5. Energy spectrum as a function of ξ. The red dashed curves
indicate analytic solutions (25) based on the first-order perturbation
theory. We have set J = 0.5t and µ = 0. Red color indicates the
interface states, while cyan color indicates the bulk or edge states.

We also show the spatial profile |ψ (x)|2 obtained numer-
ically based on the tight-binding model by a red curve in
Fig.4(a). The tight-binding result consists of the topological
interface state at x = L/2 and the topological edge states at
x = 1, L. There are four-fold degenerate topological inter-
face states from k = ±π/2 and from the two copies of the
Hamiltonian H0.

One interface state has a half charge

ρ (x) =
e

2
|ψ (x)|2 , (21)

according to the standard argument of the Jackiw-Rebbi
state[35]. The charge is localized at the domain wall. Hence,
the domain wall position is detected by electrical means. Fur-
thermore, it is controlled by applying external electric field
along the x direction because the interface states are charged,
where the domain wall and the interface states are bounded.

Bloch and Néel magnetic domain walls: The domain wall
is actually canted and forms the Bloch or the Néel domain wall
instead of the Jackiw-Rebbi type domain wall. The magneti-
zation is

J (σz cos θ (x) + σx sin θ (x)) (22)

for the Néel domain wall, and

J (σz cos θ (x) + σy sin θ (x)) (23)

for the Bloch domain wall, where we have set

cos θ (x) = tanh
x− 1/2

ξ
, sin θ (x) = sech

x− 1/2

ξ
.

(24)
We estimate the energy of the Bloch and Néel domain

walls. We use the first-order perturbation theory[36] in the
presence of the term proportional to sin θ (x) in Eqs.(22) and
(23), where the eigenfunctions do not change but the energy is
shifted. The first-order energy displacement is calculated with
the use of Eq.(20) as

|E| =
∫

|ψ (x)|2 sin θ (x) dx = |J |
Γ2

(
1
2 + Jξ

t

)
Γ
(
1 + Jξ

t

)
Γ
(

Jξ
t

) ,
(25)
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which is independent of the canted direction between the
Bloch and the Néel domain walls.

We show the energy (25) as a function of ξ by dotted red
curves in Fig.5. They well agree with the numerical results on
the energy spectrum in Fig.5, where the first-order perturba-
tion theory and the continuum theory are not assumed. There
is a tiny discrepancy at small ξ between the analytical and the
numerical results. The numerical result shows a flat disper-
sion for |Jξ/t| ≪ 1, while it is linear in the analytic result. It
is due to the break down of the continuum approximation. For
small ξ, Eq.(25) yields

|E| = Jπξ/t+ o
(
(Jπξ/t)

2
)
. (26)

On the other hand, for large ξ, Eq.(25) yields

|E| /J = 1− t/4Jξ + (t/4Jξ)
2
/2 + o

(
(t/4Jξ)

3
)
. (27)

The interface states persist for the Bloch and the Néel do-
main walls but acquire nonzero energy as shown in Fig.4(b),
whose spatial profile is well coincident with that of the
Jackiw-Rebbi solution as depicted by a blue curve. It is under-
stood as follows. The contribution of the in-plane component
is tiny for a sharp domain wall. In this regime, we can treat
the in-plane Hamiltonian as a perturbation term. Hence, the
eigenstates remains as they are but the energy is modified in
the first-order perturbation theory.

A comment is in order. The domain wall width is controlled
by introducing the easy-axis anisotropy term −AS2

z to the sys-
tem, which favors the spin pointing up or down. The domain
wall width becomes smaller for larger easy-axis anisotropy.

2D model: An actual sample has a finite widthW . We con-
sider a two-dimensional generalization of the model, where
the Hamiltonian is given by

H2 = (t cos kx + t cos ky − µ) Γ0z + (J sin kx) Γzx. (28)

It reduces to the one-dimensional model with the replacement
of the chemical potential µ by µ (ky) = µ′ − t cos ky . We
study a nanoribbon geometry based on Hamiltonian (28). We
find that there emerge 4 zero-energy topological edge states
for odd width nanoribbons. Examples for the width W =
2, 3, 4 are shown in Fig.2(b), (c) and (d).

This even-odd effect with respect to W is understood as
follows. The Hamiltonian is actually made of two copies as
in Eq.(5). In the vicinity of the zero energy, each Hamiltonian
is well approximated by two chains with length W at x = 1
and L, each of which is constituted of topological edge states.
The effective Hamiltonian of one chain is given by

Heff = t

W−1∑
y=1

(
f̂†y f̂y+1 + f̂†y+1f̂y

)
, (29)

for W ≥ 2, where f̂y is an annihilation operator of the
topological edge state. The energy spectrum is obtained as
Eeff (j) = t cos (2πj/W + 1) with j = 1, · · ·W . There is
one zero-energy state for odd W and no zero-energy state for
even W . As a result, by considering two copies of the model
and two edges, we have 4 zero-energy states for a nanoribbon
with odd W .

Discussions: We have argued that the domain wall position
can be detected and controlled by electric field. Altermagnets
have zero-net magnetization, which enables ultrahigh density
magnetic memories. Magnetic racetrack memory based on the
p-wave altermagnet will be a basis of future magnetic devices.
Electrical control does not produce Joule heating because cur-
rent is not applied, which has advantage comparing to the cur-
rent induced domain wall motion such as by the spin-transfer
torque[21, 22]. Our results will open a new field of energy-
saving spintronics based on p-wave altermagnets.

This work is supported by CREST, JST (Grants No. JP-
MJCR20T2) and Grants-in-Aid for Scientific Research from
MEXT KAKENHI (Grant No. 23H00171).
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