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Abstract

We theoretically study the tunneling conductance of a junction consisting of a two-dimensional

p-wave altermagnet (AM) and a superconductor (SC) for various pairing symmetries. The zero

bias conductance peaks arising from the dispersionless surface Andreev bound states (SABSs) in

dxy-wave and px-wave superconductor junctions are insensitive gainst varying the altermagnetic

spin-splitting strength αy. Moreover, for chiral p- or chiral d-wave SCs, zero bias conductance shows

a non-monotonic change as a function of αy indicating the existence of the dispersive SABSs. Our

obtained results of tunneling spectroscopy based on a p-wave AM serve as an effective way for the

identification of the pairing symmetries of unconventional superconductors. It is noted that our

used Hamiltonian of AM is also available for persistent spin helix systems.
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I. INTRODUCTION

Altermagnets (AMs)1–8 are an emerging class of magnetic materials as a third magnetic

phase beyond ferromagnets (FMs) and antiferromagnets (AFMs). AMs are distinct from

FMs in the sense that AMs have vanishing macroscopic magnetism. Instead, AMs pos-

sess alternating spin-polarized magnetic order in the momentum space in contrast with the

spatially varying order in AFMs. Candidate AM materials include RuO2
2,9,10, MnTe11–13,

Mn5Si3
14 as well as semiconductors/insulators like MnF2 and La2CuO4

15.

In this context, the interplay between superconductor (SC) and AMs in heterostructures16–21

is of particular interest since AMs could make it possible to fabricate superconducting spin-

tronic devices with zero net magnetism. In FM/SC junctions, the spin-polarized field in

ferromagnets makes the alignment of electron spins and generally suppresses the formation

of Cooper pairs near the junction boundaries. Nevertheless, AMs may overcome the diffi-

culty of the coexistence of exchange field and pair potential, e.g., with reduced stray field22.

Moreover, several proposals have been formulated to realize topological superconductors in

the proximitized altermagnet systems23,24.

On the other hand, to study Andreev reflection and charge transport in SC junction has

been a very fundamental problem in superconductivity25. It is known that the Andreev

reflection and charge conductance depend significantly on both spin-splitting fields and un-

conventional pairings. The former factor indicates that Andreev reflection is a spin-sensitive

process and the latter usually gives rise to the surface Andreev bound states (SABSs) re-

sulting in the enhanced Andreev propabilities26,27. When pair potential has a line or point

nodes, topological invariant can be defined in the Brillouin zone and it leads to the flat-band

zero energy SABS (ZESABS) or SABSs with dispersion zone28–34. In the case of spin-singlet

d-wave SCs or spin-triplet p-wave SC with line nodes, a zero bias conductance peak (ZBCP)

appears in normal metal/SC junctions26,27,35,36 due to the presence of ZESABS36,37. The

ZBCP was experimentally observed in tunneling spectroscopy on high Tc cuprate 36,38–46.

Also, the study of FM / unconventional SC junctions have been studied both for spin-singlet

d-wave47–49 and spin-triplet p-wave SCs50. Basically, the Andreev reflection and the height of

ZBCP are suppressed by the exchange field in FM /d-wave SC. On the other hand, in spin-

triplet junctions, the influence FM depends on the relative directions between the exchange

field and d-vector of spin-triplet pairing51.
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Based on these backgrounds of the tunneling spectroscopy, to study Andreev reflection

and charge transport in AM/SC junctions for various pairing symmetry becomes an interest-

ing topic. The transport study of AM/SC junctions indicates a variety of new phenomena.

In an AM/s-wave SC junction, studies show that Andreev reflection is sensitive to both

the crystal orientation and the strength of the spin-splitting field17,18, as compared to fer-

romagnetic materials which are orientationally independent. The study also shows that the

zero-biased conductance peak is still prominent in the tunneling spectroscopy of a AM/d-

wave SC junction. Interestingly, AM can display 0−π oscillations in the Josephson junction

without net magnetism19,20. It is also noted that the symmetry of the AM is restricted to

d-wave in the previous studies of AM/SC junctions. Recent research has shown a variety of

other possibilities of symmetries of altermagnetism, such as p-wave AM52. It is worth study-

ing Andreev reflection beside d-wave AM and exploring extensive pairings in the transport

property of AM/SC junctions. Here, we study this problem based on an effective model of

p-wave altermagnet which has been used as a model of persistent spin-helix53–59.

The organization of this paper is as follows. In section II, we explain the model and

the theoretical formulation. We obtain the conductance formula analytically. In section

III, we show the tunneling conductance between AM /SC junctions by changing the pairing

symmetry in SC. We choose s-wave, dx2−y2-wave, dxy-wave, px-wave, py-wave, chiral p-

wave, and chiral d-wave pairings. The flat band ZESABS appears for dxy-wave and px-wave

pairings and chiral p-wave and chrial d-wave pairings hae dispersive SABS. We also study

the impact of ferromagnetic insulator at the interface in the AM/SC junctions. In section

IV, we summarized obtained results.

II. MODEL AND FORMULATION

In this section, we consider a p-wave AM / Insultator (I) / SC junction as shown in

Fig. 1. The corresponding Bogoliugov-de Gennes (BdG) Hamiltonian in the system can be

written by 4× 4 matrix as follows:

ȞBdG =





ĥ (k, x) ∆̂
(

k̂
)

Θ(x)

−∆̂∗
(

−k̂
)

Θ(x) −ĥ∗ (−k, x)



 (1)

3



In
s
u

la
to

r

p-wave Magnet Superconductor

electron-like quasiparticle

hole-like quasiparticlepx py

θ

θ

FIG. 1. Schematic illustration of p-wave Altermagnet/Insulator/Superconductor junction. The

angle θ corresponds to the direction of the electron-like quasiparticle in SC measured from the

normal to the interface.

where ĥ (k, x) is a single-particle Hamiltonian

ĥ (k, x) = diag(ξ+(k, x), ξ−(k, x)) + Û0δ (x) (2)

ξ±(k, x) = (k ±αΘ (−x))⊤ ~
2

2m
(k ±αΘ (−x))− µ (3)

with a momentum k = −i∇, the effective mass of an electron m, and the chemical potential

µ. It is noted that we employ Eq. (3) to describe p-AM, exhibiting the same shape of Fermi

surface and the sign of Sz component given in Ref.52. Here, 2× 2 matrix Û0 given by

Û0 = diag (U↑, U↓) (4)

denotes the flat insulating barrier at x = 0. Θ(x) is the Heaviside step function.

Here, the Fermi surfaces for spin-↑ and spin-↓ electrons in AM are split as shown in Fig. 2

by α vector. It is noted that the present Hamiltonian of p-wave AM is essentially equivalent

to the Hamiltonian of persistent helix53–62. The Nambu spinor Ψ (x, y) = [u↑, u↓, v↑, v↓]
⊤ on

the field operator basis
[

ψ↑, ψ↓, ψ
†
↑, ψ

†
↓

]⊤

follows the BdG equation

ȞBdGΨ = EΨ (5)

In the SC region x > 0, the pair potential is written as

∆̂
(

±k̂
)

=





0 ∆ (θ)

−∆(θ) 0



 (6)
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FIG. 2. Schematic illustration of the Fermi surfaces in p-wave altermagnet (AM, left panel) and

superconductor (SC, right panel). The magnitude and the direction of the splitting of the Fermi

surface in AM are described by α vector.

k̂ =
k

|k| (7)

θ = arctan
ky
kx

(8)

for spin-singlet SC, or

∆̂
(

±k̂
)

= ±





0 ∆ (θ)

∆ (θ) 0



 (9)

for spin-triplet SC with a d vector parallel to the z-axis, or the Néel vector of the AM, which

corresponds to the Cooper pair with the z-component of spin Sz = 0. The y-component of

the wave vector ky is preserved and the wave function in SC can be written as

Ψρ (x, y) = Ψρ (x, ky) e
ikyy (10)

Ψ↑ (x, ky) = t↑















1

0

0

Γ+















eik
s
ex + tA↑















Γ−

0

0

1















e−iks
h
x (11)

Ψ↓ (x, ky) = t↓















0

1

∓Γ+

0















eik
s
ex + tA↓















0

∓Γ−

1

0















e−iks
h
x (12)
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where ρ =↑, ↓ denotes the spin index of an injected electron. In Eq. (12), the sign ∓ becomes

− for spin-singlet SC and + for spin-triplet SC, respectively. In the above, we have used

the following relations

Γ+ =
∆∗ (θ+)

E + Ω+
,Γ− =

∆(θ−)

E + Ω−

, (13)

θ+ = arctan
ky
kse
, θ− = π − θ+, (14)

Ω± = lim
δ→0+

√

(E + iδ)2 − |∆(θ±)|2, (15)

kse =

√

2m

~2
(µ+ Ω+)− k2y, (16)

ksh =

√

2m

~2
(µ− Ω−)− k2y. (17)

based on the standard theory of tunneling spectroscopy of unconventional superconductors36.

The boundary conditions of the wave function at x = 0 are written as

Ψρ (x, ky)

∣

∣

∣

∣

∣

x=0+

= Ψρ (x, ky)

∣

∣

∣

∣

∣

x=0−

, (18)

v̌xΨρ (x, ky)

∣

∣

∣

∣

∣

x=0+

− v̌xΨρ (x, ky)

∣

∣

∣

∣

∣

x=0−

=
2

i~

(

Î ⊗ Û0

)

τ̌zΨρ (0, ky) , (19)

where 4× 4 matrix v̌x is a velocity operator given by

v̌x =
1

~

∂ȞBdG

∂kx
=

~

m

(

τ̌z
1

i

∂

∂x
+ σ̌zαxΘ(−x)

)

, (20)

with

Î = diag (1, 1) , τ̌z = diag (1, 1,−1,−1) , σ̌z = diag (1,−1, 1,−1) . (21)

In the AM region x < 0, the x-components of the possible wave vectors for fixed E and

ky are given by

k±e↑ = −αx ±
√

2m

~2
(E + µ)− (ky + αy)

2, (22)

k±e↓ = αx ±
√

2m

~2
(E + µ)− (ky − αy)

2, (23)

k±h↑ = αx ∓
√

2m

~2
(−E + µ)− (ky − αy)

2, (24)

k±h↓ = −αx ∓
√

2m

~2
(−E + µ)− (ky + αy)

2, (25)
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spin-↑ hole

spin-↓ hole

①⑥ ⑤⑦⑧ ④ ③ ②

FIG. 3. Schematic illustration of the dispersion relation in py-wave AM for αyky < 0. The points

1○– 8○ correspond to k+e↑, k
−
h↓, k

+
e↓, k

−
h↑, k

+
h↑, k

−
e↓, k

+
h↓, and k−e↑, respectively.

where the subscripts e and h correspond to an electron and a hole respectively, ↑, ↓ denote

the spin, and the superscripts ± correspond to the sign of the eigenvalues of v̌x. For spin-↑
electron injection from x < 0, the wave function in AM can be written as

Ψ↑ (x, ky) =















1

0

0

0















eik
+

e↑
x + r↑















1

0

0

0















eik
−
e↑
x + rA↑















0

0

0

1















eik
−
h↓

x (26)

and that in SC can be written as Eq. (11). In the same way, for spin-↓ electron injection,

the corresponding wave function in AM can be written as

Ψ↓ (x, ky) =















0

1

0

0















eik
+

e↓
x + r↓















0

1

0

0















eik
−
e↓
x + rA↓















0

0

1

0















eik
−
h↑

x (27)

and in SC as given in Eq. (12). Fig. 3 shows the dispersion relation and the x-components

of the wave vectors in py-wave AM with α ‖ ŷ. We see that the absolute value of the

x-component of the velocity is approximately the same for a spin-↑ (↓) electron and a spin-

↓ (↑) hole for |E| ≪ µ. It is noted that αx only shifts the curves in Fig. 3 in the kx-direction

and does not affect the values of the x-components of the velocity.
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For spin-ρ (ρ =↑, ↓) electron injection with particular ky, the particle flow

jρ = Re
(

Ψ†
ρv̌xτ̌zΨρ

)

(28)

is preserved. We can obtain the transparency for spin-↑ electron injection

σS
↑ (E, ky) = 1 + Re

(

q−e↑
q+e↑

)

|r↑|2 − Re

(

q−h↓
q+e↑

)

∣

∣rA↑
∣

∣

2
(29)

dividing Eq. (28) by the flow of the injection wave. In the same way, the transparency for

spin-↓ electron injection becomes

σS
↓ (E, ky) = 1 + Re

(

q−e↓
q+e↓

)

|r↓|2 − Re

(

q−h↑
q+e↓

)

∣

∣rA↓
∣

∣

2
(30)

Here,

q±e↑ = k±e↑ + αx, q
±
e↓ = k±e↓ − αx, q

±
h↑ = −k±h↑ + αx, q

±
h↓ = −k±h↓ − αx (31)

We can also obtain the transparency for normal metal state σN
↑ (E, ky) , σ

N
↓ (E, ky) by sub-

stituting ∆ (θ) = 0.

The differential conductance normalized by that for normal metal state as a function of

eV with bias voltage V can be written as

G

G0
=

∫ kF0

−kF0
dky

[

σS
↑ (E, ky) + σS

↓ (E, ky)
]

∫ kF0

−kF0
dky

[

σN
↑ (E, ky) + σN

↓ (E, ky)
]

(32)

with E = eV . Note that when q+e↑
(

q+e↓
)

becomes a purely imaginary number, it is natural to

assume σs
↑ (E, ky) = σN

↑ (E, ky) = 0 (σs
↓ (E, ky) = σN

↓ (E, ky) = 0) since there is no travelling

wave. It is noted that σN
↑(↓) (E, ky) , σ

N
↑(↓) (E, ky) is independent of αx since

v̌xΨ↑ (x = 0−, ky) =
~kF
m















q+e↑ + r↑q
−
e↑

0

0

rA↑ q
−
h↓















(33)

v̌xΨ↓ (x = 0−, ky) =
~kF
m















0

q+e↓ + r↓q
−
e↓

rA↓ q
−
h↑

0















(34)
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v̌xΨ↑ (x = 0+, ky) =
~kF
m















t↑k
s
e − tA↑ k

s
hΓ−

0

0

−t↑kseΓ+ + tA↑ k
s
h















(35)

v̌xΨ↓ (x = 0+, ky) =
~kF
m















0

t↓k
s
e ± tA↓ k

s
hΓ−

±t↓kseΓ+ + tA↓ k
s
h

0















(36)

based on Eq. (20) where q±
e↑(↓), q

±
h↑(↓), k

s
e, and ksh are independent of αx, with which Eqs.

(18) and (19) yields r↑(↓) and r
A
↑(↓) independent of αx.

Now, we assume that E, |∆(θ±)| ≪ µ following quasiclassical approximiation26,36. By

using the approximation

q+e↑ ≈ −q−e↑ ≈ −q−h↓ ≈ qAM
↑ =

√

2mµ

~2
− (ky + αy)

2 (37)

q+e↓ ≈ −q−e↓ ≈ −q−h↑ ≈ qAM
↓ =

√

2mµ

~2
− (ky − αy)

2 (38)

kse ≈ ksh ≈ ks =

√

2mµ

~2
− k2y (39)

for U↑ = U↓ = U , we obtain

σN
ρ (E, ky) =

q̃AM
ρ k̃s

Z2 + 1
4

(

q̃AM
ρ + k̃s

)2 (40)

rρ =

1
2

(

q̃AM
ρ − k̃s

)

+ iZ

1
2

(

q̃AM
ρ + k̃s

)

+ iZ

Γ+Γ−

1−
[

1− σN
ρ (E, ky)

]

Γ+Γ−

(41)

rAρ =











sgn (ρ)
Γ+σN

ρ (E,ky)

1−[1−σN
ρ (E,ky)]Γ+Γ−

singlet

Γ+σN
ρ (E,ky)

1−[1−σN
ρ (E,ky)]Γ+Γ−

triplet
(42)

σS
ρ (E, ky)

σN
ρ (E, ky)

=
1 + σN

ρ (E, ky) |Γ+|2 −
[

1− σN
ρ (E, ky)

]

|Γ+Γ−|2
∣

∣1−
[

1− σN
ρ (E, ky)

]

Γ+Γ−

∣

∣

2 (43)

with ρ =↑, ↓. In the above, q̃AM
ρ and k̃s are given by

q̃AM
ρ =

qAM
ρ

kF
, k̃s =

ks

kF
, kF =

√
2mµ

~
(44)
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It is noted that Eq. (43) has the same structure as compared to the tunneling conductance

formula in normal metal / unconventional superconductor junctions26. Here, the values

with a tilde represent that they are divided by the Fermi wavenumber in SC and Z is the

dimensionless parameter

Z =
mU

~2kF
(45)

If we consider spin-triplet superconductors with arbitrary direction of d-vector, the pair

potential can be written as

∆̂
(

±k̂
)

= ±id(θ) · σ̂σ̂y = ±





−dx(θ) + idy(θ) dz(θ)

dz(θ) dx(θ) + idy(θ)



 , (46)

with Pauli matrices

σ̂ = (σ̂x, σ̂y, σ̂z) , (47)

σ̂x =





0 1

1 0



 , σ̂y =





0 −i
i 0



 , σ̂z =





1 0

0 −1



 . (48)

In addition to the d ‖ ẑ case, we perform calculations for d ‖ x̂ case, where the pair

potential can be written as

±∆̂
(

±k̂
)

=





−∆(θ) 0

0 ∆ (θ)



 (49)

with x̂ and ẑ being the unit vectors parallel to the x-axis and the z-axis, respectively.

In the presence of a magnetically active barrier, the barrier potential should be expressed

by 2× 2 matrix with

Ẑ = diag(Z↑, Z↓) =
mÛ0

~k2F
. (50)

For a spin-↑ (↓) electron with a particular value of ky contributing to the conduction

process, the incident electron and the transparent electron must form traveling waves. For

|E|, |∆(θ±)| ≪ µ, this condition can be approximately rewritten as

kmin
↑(↓) < ky < kmax

↑(↓) , (51)

where

kmin
↑ = max(−kF ,−kF − αy), k

max
↑ = min(kF , kF − αy), (52)

kmin
↓ = max(−kF ,−kF + αy), k

max
↓ = min(kF , kF + αy), (53)
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as we can see in Fig. 2. Especially for |E| < |∆(θ±)|, Andreev reflection is needed for the

conduction process. In the cases of spin-singlet pairing or spin-triplet pairing with d ‖ ẑ,

the spin-↑ (↓) electron is reflected as a spin-↓ (↑) hole. The wave vector of the reflected

hole is nearly equivalent to that of a spin-↑ (↓) electron for |E|, |∆(θ±)| ≪ µ. Hence, the

condition Eq. (51) does not change. On the other hand, in the case of spin-triplet pairing

with d ‖ x̂, the spin-↑ (↓) electron is reflected as a spin-↑ (↓) hole. The wave vector of the

reflected hole is nearly equivalent to that of a spin-↓ (↑) electron for |E|, |∆(θ±)| ≪ µ. This

changes the condition Eq. (51) for |E|, |∆(θ±)| ≪ µ into

kmin < ky < kmax (54)

for both spin-↑ and spin-↓ electrons, where

kmin = −kF + |αy|, kmax = kF − |αy|. (55)

It is noted that the strength of AM must satisfy |αy|/kF < 2 to satisfy kmin
↑(↓) < kmax

↑(↓) Eq. (51)

.

III. RESULTS

FIG. 4. Normalized conductance G/G0 of p-wave altermagnet /insulator/superconductor junctions

with s-wave superconductor without the barrier potential (Z = 0) for (a)px-wave altermagnet case

where the Fermi surfaces shifts to the x-direction, and for (b)py-wave altermagnet case where the

Fermi surfaces shift to the y-direction.

In Fig. 4, the normalized conductance of AM/I/SC junction G/G0 as a function of the

bias voltage V is plotted for various values of α̃ = (α̃x, α̃y) = α/kF . Here, we choose
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FIG. 5. Normalized conductance G/G0 of p-wave altermagnet/insulator/dxy -wave superconductor

junction. The barrier potential is set to Z = 2 and α̃y is fixed to α̃y = 0.5.

conventional s-wave superconductor where pair potential is given by ∆0. Figure 4(a) shows

the results for px-wave AM with α parallel to the x-axis, i.e., the normal to the interface.

It is noted that G does not depend on α̃x as shown in Fig. 4(a) since q̃AM
ρ is independent

of α̃x. On the other hand, as shown in Fig. 4(b), G depends on α̃y since q̃AM
ρ depends on

α̃y. It is noted that when we change the sign of the bias voltage V , G/G0 always becomes

an even function of eV for the results in this paper.

In Fig. 5, the normalized conductance of AM/I/SC junction G/G0 as a function of α̃x

is plotted with a fixed value of α̃y for various values of E = eV . This shows that the

conductance does not change by α̃x even for α̃y 6= 0 as proved generally by Eqs. (18), (19),

and (33)–(36). Thus we can assume α̃x = 0 without loss of generality. In the rest of this

chapter, we show the results for py-wave AM cases with α ‖ ŷ.

Figures 6–10 show the α̃y dependence of G/G0 for various types of pairing symmetry of

SC. As shown in Figs. 6(a), (b), (d), and (e) for s-wave SC with ∆(θ) = ∆0 and dx2−y2-wave

SC with anisotropic pair potential ∆(θ) = ∆0 cos 2θ, normalized conductance G/G0 is sup-

pressed with the increase of |α̃y| around zero bias voltage either in high-transparency (Z = 0)

or low-transparency junction (Z = 2). This result can be understood by the suppression of

the magnitude of σN
↑(↓)(E, ky). The discrepancy between two values of q̃AM

↑(↓) and k̃S makes

σN
↑(↓)(E, ky) in Eq. (40) smaller. This yields a smaller value of σS

↑(↓)(E, ky)/σ
N
↑(↓)(E, ky) for

12



FIG. 6. Normalized conductance G/G0 of py-wave altermagnet/insulator/superconductor junctions

with spin-singlet superconductors. The barrier potential Z = 0 for upper panels ((a),(b),(c)), and

Z = 2 for lower panels ((d),(e),(f)). Pairing symmetry of SCs are s-wave ((a),(d)), dx2−y2-wave

SC((b),(e)), and dxy-wave((c),(f)).

s- and dx2−y2-wave SC where |Γ+| = |Γ−| = 1,Γ+Γ− = −1 are satisfied for any ky at E = 0.

In contrast, Figs. 6(c) and (f) show that, for dxy-wave SC with ∆(θ) = ∆0 sin 2θ, G/G0 is

enhanced with the increase of |α̃y| for almost all of |α̃y| with 0 ≤ |α̃y| ≤ 2. It can be under-

stood that the decrease of σN
↑(↓)(E, ky) results in larger magnitude of σS

↑(↓)(E, ky)/σ
N
↑(↓)(E, ky)

for dxy-wave SC where |Γ+| = |Γ−| = 1,Γ+Γ− = 1 are satisfied for any ky at E = 0.

It is noted that Eq. (43) shows that σS
↑(↓)(E, ky) = 2 is always satisfied for dxy-wave SC

case regardless of the values of Z and α̃y. This means that an electron at E = 0 injected

from AM side is reflected as a hole by Andreev reflection with probability unity no matter

how strong the barrier potential of the insulator is. This is because the group velocities of

13



FIG. 7. Normalized conductance G/G0 of py-wave altermagnet/insulator/superconductor junctions

with spin-triplet superconductors. The barrier potential Z = 0 for upper panels ((a), (b), (c), (d)),

and Z = 2 for lower panels ((e), (f), (g), (h)). Pairing symmetry of SCs are px-wave ((a),(e)),

py-wave ((b),(f)) with d ‖ ẑ, and px-wave ((c),(g)), py-wave ((d),(h)) with d ‖ x̂.

an incident electron and the corresponding Andreev-reflected hole are the same value in the

limit of |E|/µ≪ 1 in the case of p-wave AM/I/SC junction, whereas they differ in the case

of d-wave AM/I/SC junction for the general ky
17.

We perform a similar calculation for spin-triplet SCs as shown in Fig. 7. Figures 7(a),

(b), (e), and (f) show that, in the cases with d ‖ ẑ, G/G0 is enhanced with the increase

of |tildeαy| around the zero bias voltage for px-wave SC with ∆(θ) = ∆0 cos θ, while G/G0

is suppressed with the increase of |α̃y| around the zero bias voltage for py-wave SC with

14
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FIG. 8. The α̃y dependence of zero bias conductance at Z = 0. Pairing symmetries of SCs are

(A)s-wave, py-wave with d ‖ ẑ , dx2−y2-wave, (B)px-wave with d ‖ ẑ , dxy-wave, (C)px-wave with

d ‖ x̂, and (D)py-wave with d ‖ x̂

∆(θ) = ∆0 sin θ. These features are consistent with Eqs. (40)-(43) again, which is available

for both spin-singlet SC and spin-triplet SC with d ‖ ẑ.

By contrast, for d ‖ x̂, as shown in Figs. 7(c), (d), (g), and (h), G/G0 is strongly

suppressed by |α̃y|. Especially, the conductance becomes 0 at eV = 0 for |α̃y| ≥ 1. This

result can be explained as follows. For d ‖ x̂, an injected electron and the Andreev-reflected

hole must have the same spin angular momentum. Andreev reflection only occurs for ky

with which both k+
e↑(↓) and k

−
h↑(↓) are real numbers. As shown in Eqs. (22) and (24) ((23)

and (25)), the region of ky where both k+
e↑(↓) and k−

h↑(↓) are real becomes narrow with the

increase of |α̃y|. This results in a more strict condition for ky to make conduction possible

than that in the normal metal case. Especially, for |α̃y| ≥ 1, at least one of k+
e↑(↓) and k

−
h↑(↓)

becomes imaginary number for all of ky with |eV | ≪ µ, which results in G/G0 = 0.

To summarize the results so far, we calculate G/G0 at eV = 0 as a function of α̃y as shown

in Figs. 8 and 9. These figures show that the zero-bias conductance of py-wave AM/I/SC

junction is dramatically changed by the pairing symmetry of the superconductor and that

the junction can be used to detect the pairing symmetry.

As shown in Fig. 10, the α̃y dependence of G/G0 becomes more complicated for chiral

p-wave SC with the pair potential ∆(θ) = ∆0e
iθ and chiral d-wave one with ∆(θ) = ∆0e

2iθ

15
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FIG. 9. The α̃y dependence of zero bias conductance at Z = 2. Pairing symmetry of SCs are

(A)s-wave, py-wave with d ‖ ẑ , dx2−y2-wave, (B)px-wave with d ‖ ẑ , dxy-wave, (C)px-wave with

d ‖ x̂, and (D)py-wave with d ‖ x̂

as compared to Figs. 6 and 7.

To clarify these features, we calculate G/G0 for chiral SC cases at eV = 0 as a function

of α̃y as shown in the left panels of Figs. 11 and 12. G/G0 has at most one local maximum

in the chiral p-wave SC cases, while for chiral d-wave SC, G/G0 has two local maxima, as

shown in Figs. 11 and 12. These features are significantly different from those of px-wave
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FIG. 10. Normalized conductance G/G0 of py-wave altermagnet/insulator/superconductor junc-

tions with chiral superconductors. The barrier potential Z = 0 for upper panels ((a), (b), (c)), and

Z = 2 for lower panels ((d), (e), (f)). Pairing symmetry of SCs are chiral p-wave with d ‖ ẑ ((a),

(d)), chiral p-wave SC with d ‖ x̂ ((b), (e)), and chiral d-wave ((c), (f)).

and dxy-wave pairings. For the comparison, we show the value of G and G0 for chiral SC

cases at eV = 0 as a function of α̃y divided by each maximum value G̃ or G̃0 in the right

panels of Figs. 11 and 12. Since both G and G0 are monotonic decreasing functions of |α̃y|
and ∂G0/∂α̃y does not vary significantly by α̃y, G/G0 is enhanced with the increase of α̃y

when |∂G/∂α̃y| has a particularly small value.

To understand this non-monotonic α̃y dependence of G/G0 for chiral SC cases, we show

the ky- and spin-resolved conductance of AM/I/SC junction σS
↑ (E, ky) and σS

↓ (E, ky) in

Figs. 13–15. As shown in Figs. 15(a), (d), 14(a), (d), and 13(a), (d), the energy dispersion

corresponding to the maximum value of σS
↑ (E, ky) and σ

S
↓ (E, ky) at α̃y = 0 corresponds to
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FIG. 11. The α̃y dependence of normalized zero-bias conductance G/G0 (left panel) and the

unnormalized value G divided by its maximum value G̃ (right panel) at Z = 0. Pairing symmetries

of SCs are (E)chiral p-wave with d ‖ ẑ, (F)chiral p-wave with d ‖ x̂, and (G)chiral d-wave. The

dotted line corresponds to the conductance of the normal-metal state G0.

so-called chiral edge mode. As the value of |α̃y| increases, the range of ky contributing to

the conduction process becomes restricted.

Both in the cases of the spin-triplet chiral p-wave SC with d ‖ ẑ and spin-singlet chiral d-

wave SC, the range of ky contributing to the conduction process becomes restricted as shown

in Figs. 13 and 14. This corresponds to Eq. (51). For the other values, σS
↑(↓) (E, ky) = 0.

For generality, we assume σS
↑(↓) (E = 0, ky) is prominently enhanced around ky = ±k1,

±k2, . . . , ±kM with 0 ≤ k1 < k2 < · · · < kM corresponding to chiral edge mode with E = 0

in spin-singlet SC or spin-triplet SC with d ‖ x̂. Here, the integer M is related to the

number of chiral-edge modes N as











M =
N + 1

2
, k1 = 0 for odd N,

M =
N

2
, k1 6= 0 for even N.

(56)

When |α̃y| < 1±kM/kF is satisfied, except for |α̃y| ≈ 1±ki/kF with i = 1, 2, . . . ,M , the in-

crease of |α̃y| does not substantially influence G at E = 0 since the values of σS
↑(↓) (E = 0, ky)

at kmin
↑(↓), k

max
↑(↓) are much smaller than that for ky ≈ ±k1,±k2, . . . ,±kM . On the other hand,

for |α̃y| ≈ 1 ± ki/kF with i = 1, 2, . . . ,M , the increase of |α̃y| significantly suppresses G at
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FIG. 12. The α̃y dependence of normalized zero-bias conductance G/G0 (left panel) and the

unnormalized value G divided by its maximum value G̃ (right panel) at Z = 2. Pairing symmetries

of SCs are (E)chiral p-wave with d ‖ ẑ, (F)chiral p-wave with d ‖ x̂, and (G)chiral d-wave. The

dotted line corresponds to the conductance of the normal-metal state G0.

E = 0 since |kmax
↑ | = |kmin

↓ | ≈ ki (|kmax
↓ | = |kmin

↑ | ≈ ki) and the values of σS
↑(↓) (E = 0, ky)

at kmax
↑ and kmin

↓ (kmax
↓ and kmin

↑ ) are not significantly smaller than the maximum value

of σS
↑(↓) (E = 0, ky). When the value of |α̃y| exceeds 1 + kM/kF , the maximum value of

σS
↑(↓) (E = 0, ky) for Eq. (51) is reduced and G/G0 is suppressed with the increase of |α̃y|.

Hence, G/G0 at E = 0 as a function of |α̃y| has N local maxima. As shown in Fig. 13,

σS
↑(↓) (E = 0, ky) is prominently enhanced around ky = 0 for chiral p-wave SC with d ‖ ẑ.

This corresponds to N = 1 and G/G0 at E = 0 as a function of |α̃y| has one local maximum.

Since N = 2 (in the present calculation, k1/kF = 1/
√
2) for chiral d-wave SC as shown in

Fig. 14, the corresponding G/G0 at E = 0 as a function of |α̃y| has two local maxima.

In the case of the spin-triplet chiral p-wave SC with d ‖ x̂, the range of ky contributing

to the conduction process becomes restricted as shown in Fig. 15. This corresponds to

Eq. (54). For the other values, σS
↑(↓) (E, ky) = 0 with |E| < ∆0. As we see in Fig. 15,

σS
↑(↓)(E = 0, ky) is prominently enhanced around ky = 0 for the chiral p-wave pairing case

with d ‖ x̂. For sufficiently large Z with strong barrier, when |α̃y| < 1 is satisfied, except

for |α̃y| ≈ 1, the increase of |α̃y| does not substantially influence G at E = 0 since the values

of σS
↑(↓) (E = 0, ky) at ky = kmin and ky = kmax are much smaller than that for ky ≈ 0.
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FIG. 13. Momentum resolved conductance σS
↑ (E, ky) ((a),(b),(c)) and σS

↓ (E, ky) ((d),(e),(f)) for

py-wave altermagnet/Insulator/chiral p-wave superconductor with d ‖ ẑ junction where Z = 2.

The strength of p-wave altermagnet is set to α̃y = 0((a),(d)), 0.7((b),(e)), and 1.2((c),(f)). The

number of chiral-edge mode is N = 1 and the values of M and k1 in Eq. (56) becomes M = 1 and

k1/kF = 0.

However, for |α̃y| ≈1, the increase of |α̃y| significantly suppresses G at E = 0. In this case,

|kmin| = |kmax| ≈ 0 is satisfied, and the values of σS
↑(↓) (E = 0, ky 6= 0) at kmin and kmax

are not significantly smaller as compared to the maximum value σS
↑(↓) (E = 0, ky = 0). This

results in suppression of G/G0 like the other spin-triplet SC cases shown in Figs. 7(c), (d),

(g), and (h). It is noted that, for a weak barrier, σS
↑(↓)(E = 0, ky) at ky apart from ky ≈ 0 is

a little bit smaller than σS
↑(↓)(E = 0, ky = 0), and G decreases almost linearly as a function

of |α̃y| for |α̃y| < 1 as shown in the right panel of Fig. 11. This may lead to no local maxima

of G/G0 as shown in Fig. 11(G).

It is noted that the non-monotonic changes of G/G0 as a function of the strength of AM

in AM / I / chiral SC junction like those shown in Figs. 11 and 12 cannot be seen in the
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FIG. 14. Momentum resolved conductance σS
↑ (E, ky) ((a),(b),(c)) and σS

↓ (E, ky) ((d),(e),(f)) for

py-wave altermagnet/Insulator/chiral d-wave superconductor junction where Z = 2. The strength

of p-wave altermagnet is set to α̃y = 0((a),(d)), 0.7((b),(e)), and 1.2((c),(f)). The number of chiral-

edge modes is N = 2 and the values of M and k1 in Eq. (56) becomes M = 1 and k1/kF = 1/
√
2.

d-wave AM case as shown in Appendix A.

Since electrons in AM are spin-polarized in each sublattice like those in conventional

antiferromagnet2, p-wave AM strictly leads to time-reversal symmetry breaking which is not

reflected in the Hamiltonian as shown in Eq. (2). The consequence of antiferromagnetic

spin structure in real space may appear in the boundary condition of each spin. Since the

distances of sublattice from the boundary for ↑ and ↓ spin are different from each other, the

boundary condition or the barrier potential is spin-dependent. To estimate the effect of this,

we perform the calculation of the normalized conductance G/G0 as a function of eV with

Z↑ 6= Z↓. For the dxy-wave SC case with Z↑ = Z↓, the ZBCP appears as shown in Fig. 6(f).

When we consider the case with Z↑ 6= Z↓, the ZBCP splits into two as shown in Fig. 16(a)

similar to the case of normal metal / ferromagnetic insulator / dxy-wave superconductor
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FIG. 15. Momentum resolved conductance σS
↑ (E, ky) ((a),(b),(c)) and σS

↓ (E, ky) ((d),(e),(f)) for

py-wave altermagnet/Insulator/chiral p-wave superconductor with d ‖ x̂ junction where Z = 2.

The strength of p-wave altermagnet is set to α̃y = 0((a),(d)), 0.7((b),(e)), and 1.2((c),(f)). The

number of chiral-edge mode is N = 1 and the values of M and k1 in Eq. (56) becomes M = 1 and

k1/kF = 0.

junctions47. Fig. 16(b) and (c) show The α̃y dependence of zero-bias conductance similar to

that for Z↑ = Z↓ = 2. For the dxy-wave pairing, SC is protected by time-reversal symmetry.

In this case, our calculating model of the AM/I/SC junction breaks time-reversal symmetry

only if Z↑ 6= Z↓. This results in a qualitative change of conductance by assuming the spin-

dependent barrier at the interface. By contrast, conductance changes only quantitatively

by assuming the spin-dependent barrier Z↑ 6= Z↓ at the interface for the chiral p- and chiral

d-wave pairing. It is relevant to the fact that the time-reversal symmetry is broken in these

superconducting states themselves. We also calculate G/G0 at eV = 0 as a function of α̃y

with Z↑ 6= Z↓ as shown in Fig. 17. In this figure, we see one local maximum for chiral

p-wave SC and two local maxima for chiral d-wave SC even in the presence of the spin-
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FIG. 16. Normalized conductance G/G0 of py-wave altermagnet/Ferromagnetic Insula-

tor/superconductor junctions. The barrier is set to Z↑ = 1, Z↓ = 3. (a)dxy-wave SC. (b)chiral

p-wave SC with d ‖ ẑ. (c)chiral d-wave SC.

FIG. 17. The αy dependency of zero bias conductance at Z↑ = 1, Z↓ = 3. (A)s-wave, py-wave with

d ‖ ẑ , dx2−y2-wave, (B)px-wave with d ‖ ẑ , dxy-wave, (C)px-wave with d ‖ x̂, (D)py-wave with

d ‖ x̂, (E)chiral p-wave with d ‖ ẑ, (F)chiral p-wave with d ‖ x̂, and (G)chiral d-wave.

dependent barrier. This shows that the charge conductance of the junction is available for

the distinction between chiral p-wave SC and chiral d-wave one.
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IV. CONCLUSION

In this paper, we have studied the tunneling conductance between two-dimensional p-wave

altermagnet(AM) / superconductor (SC) junctions. We choose various types of pairing

symmetries of superconductors such as s-wave, dx2−y2-wave, dxy-wave, px-wave, py-wave,

chiral p-wave, and chiral d-wave pairings. The zero bias conductance peak due to the zero

energy surface Andreev bound states (ZESABS) in dxy-wave and px-wave superconductor

junctions are insensitive gainst the change of αy which is an indicator of the magnitude

of the momentum-dependent band splitting. Changing the orientation of p-wave AM has

the same effect as changing the strength of the AM. For chiral-p or chiral-d wave SCs, zero

bias conductance shows a non-monotonic change as a function of strength of altermagnet

since the surface Andreev bound states have a momentum dependence. The tunneling

spectroscopy based on a p-wave altermagnet can be a useful way to detect the SABS with

momentum dependence. It is noted that our obtained conductance formula is available for

a persistent spin-helix / SC junctions since p-wave altermagnetism is essentially equivalent

to the persistent spin-helix system.

It is also noted that theoretical works about the superconducting diode effect in alter-

manetic junctions63 and orientationally dependence on Josephson current in spin-triplet

superconductor junction has been started64. As a future work, it is interesting to study

the Josephson effect involving altermagnet and unconventional superconductors because the

presence of ZESABS seriously influences on the current phase relation and temperature

dependence of the Josephson current36,65,66. Also, it is intriguing to clarify the impact of

ferromagnetic insulatr at the interface in these junctions.67,68
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Appendix A: Comparison with d-wave altermagnet

In this section, we consider a d-wave AM / Insulator (I) / SC junction for comparison

with the p-wave AM case. The corresponding BdG Hamiltonian in the system can be written

by 4× 4 matrix as follows:

ȞBdG =





ĥ (k, x) ∆̂
(

k̂
)

Θ(x)

−∆̂∗
(

−k̂
)

Θ(x) −ĥ∗ (−k, x)



 (A1)

where the single-particle Hamiltonian ĥ (k, x) can be written as

ĥ (k, x) = diag(ξ+(k, x), ξ−(k, x)) + Û0δ (x) (A2)

ξ± =
~
2

2m
k2 ±

[

α1kxky +
α2

2
(k2x − k2y)

]

Θ(x)− µ. (A3)

17 Here, 2× 2 matrix Û0 given by

Û0 = UÎ, Î = diag(1, 1) (A4)

denotes the insulating barrier at x = 0. Here, the shapes of the polarized Fermi surfaces

for spin-↑ and spin-↓ electron species are changed differently by parameters α1 and α2. We

define a dimensionless parameter Z = mU/ (~2kF ) with kF being the Fermi wave vector in

the superconducting side. In the d-wave AM region x < 0, the x-components of the possible

wave vectors for fixed E and ky are given by

k±e↑ = kF

[

± 1

1 + α̃2

√

(

1 +
E

µ

)

(1 + α̃2) + k̃2y (α̃
2
1 + α̃2

2 − 1)− α̃1

1 + α̃2
k̃y

]

, (A5)

k±e↓ = kF

[

± 1

1− α̃2

√

(

1 +
E

µ

)

(1− α̃2) + k̃2y (α̃
2
1 + α̃2

2 − 1) +
α̃1

1− α̃2
k̃y

]

, (A6)

k∓h↑ = kF

[

∓ 1

1 + α̃2

√

(

1− E

µ

)

(1 + α̃2) + k̃2y (α̃
2
1 + α̃2

2 − 1)− α̃1

1 + α̃2
k̃y

]

, (A7)

k∓h↓ = kF

[

∓ 1

1− α̃2

√

(

1− E

µ

)

(1− α̃2) + k̃2y (α̃
2
1 + α̃2

2 − 1) +
α̃1

1− α̃2
k̃y

]

, (A8)

with dimensionless parameters α̃1 = mα1/~
2, α̃2 = mα2/~

2, and k̃y = ky/kF . Here, like

Eqs. (22)–(25), the subscripts e and h correspond to an electron and a hole respectively,
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↑, ↓ denote the spin, and the superscripts ± correspond to the sign of the eigenvalues of the

velocity operator

v̌x =
1

~

∂ȞBdG

∂kx
= τ̌z

[

~

m
+ σ̌z

α2

~
Θ(−x)

]

1

i

∂

∂x
+ τ̌zσ̌z

α1

~
kyΘ(−x). (A9)

From the Hamiltonian Eq. A1, we obtain wavefunctions Ψ (x, y) = Ψ (x, ky) e
ikyy which

follows the boundary condition

Ψ (x, ky)

∣

∣

∣

∣

∣

x=0+

= Ψ (x, ky)

∣

∣

∣

∣

∣

x=0−

, (A10)

v̌xΨ (x, ky)

∣

∣

∣

∣

∣

x=0+

− v̌xΨ (x, ky)

∣

∣

∣

∣

∣

x=0−

=
2U

i~
τ̌3Ψ (0, ky) . (A11)

The scattering coefficients as well as the conductance can thus be solved following the same

way in the main text.

It is noted that the strength of AM must satisfy |α̃2
1 + α̃2

2| < 1 to keep the Fermi surface

E = 0 in a restricted domain in the momentum space. In the same way as Eqs. (51)–(55),

we get the conditions for injected electrons with a particular value of ky to contribute to the

conduction process with |E| ≪ µ as follows. In the case of |E| > |∆(θ±)|, the condition for

a spin-↑ (↓) electron can be approximately rewritten as

|ky| < kc↑(↓), (A12)

with
kc↑
kF

= min

(

1,

√

1 + α̃2

1− α̃2
1 − α̃2

2

)

,
kc↓
kF

= min

(

1,

√

1− α̃2

1− α̃2
1 − α̃2

2

)

. (A13)

For |E| < |∆(θ±)|, in the cases of spin-singlet pairing or spin-triplet pairing with d ‖ ẑ,

the wave vector of the reflected spin-↓ (↑) hole is nearly equivalent to that of a spin-↓ (↑)
electron and the condition in Eq. (A12) changes into

|ky| < kc, (A14)

with
kc

kF
= min

(

1,

√

1 + α̃2

1− α̃2
1 − α̃2

2

,

√

1− α̃2

1− α̃2
1 − α̃2

2

)

, (A15)

for both an injected spin-↑ electron and a spin-↓ one. On the other hand, in the case of

spin-triplet pairing with d ‖ x̂, the wave vector of the reflected spin-↑ (↓) hole is nearly
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FIG. 18. The α̃1 dependence of zero bias conductance of dxy-wave AM/I/SC junctions at Z = 2.

Pairing symmetry of SCs are (A)s-wave, py-wave with d ‖ ẑ, py-wave with d ‖ x̂, dx2−y2-wave,

(B)px-wave with d ‖ ẑ,px-wave with d ‖ x̂, dxy-wave, (C)chiral p-wave with d ‖ ẑ, chiral p-wave

with d ‖ x̂, and (D)chiral d-wave.

equivalent to that of a spin-↑ (↓) electron and the condition in Eq. (A12) does not change.

It is noted that, for the dxy-wave AM case with α̃2 = 0, both the conditions in Eqs. (A12)

and (A14) can be simply written as |ky| < kF .

To compare the behaviors of p-wave altermagnet and d-wave one, we calculate the nor-
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FIG. 19. The α̃2 dependence of zero bias conductance of dx2−y2-wave AM/I/SC junctions at Z = 2.

Pairing symmetry of SCs are (A)s-wave, py-wave with d ‖ ẑ , dx2−y2-wave, (B)px-wave with d ‖ ẑ,

dxy-wave, (C)px-wave with d ‖ x̂, (D)py-wave with d ‖ x̂, (E)chiral p-wave with d ‖ ẑ, (F)chiral

p-wave with d ‖ x̂, and (G)chiral d-wave.

malized conductance G/G0 of d-wave AM/I/SC junctions at eV = 0 as functions of α̃1 or

α̃2 as shown in Figs. 18 and 19. We set α̃2 = 0 for dxy-wave AM and α̃1 = 0 for dx2−y2-wave

AM in Figs. 18 and 19, respectively. As compared to the py-wave AM where the normalized

conductance G/G0 develops a drastic change with the strength of AM, G/G0 shows only a
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slight variation with the increase of the strength of AM |α̃1| for the dxy-wave AM. Similarly,

the variation of G/G0 is small for spin-triplet SC with d ‖ x̂ in the dx2−y2-wave AM case

with the increase of |α̃2|. In these cases, the condition of ky becomes the same for the normal

state and the superconducting state. In addition, the x-components of the group velocities

of electrons and holes in AM are even functions of ky as well as those in SC, which we can

derive from Eqs. (A5)–(A9). As a consequence, the discrepancy among the group velocities

for electrons and holes in AM and SC becomes smaller than that in the py-wave AM case

and the root of the boundary conditions in Eqs. (18) and (19) does not change significantly

with α̃1 or α̃2. By contrast, for dx2−y2-wave AM/I/SC junctions with spin-singlet SC or

spin-triplet one with d ‖ ẑ, G/G0 is strongly suppressed with the increase of |α̃2|. In this

case, the range of ky contributing to the conduction process is restricted similarly for the

spin-↑ electron injection and that of spin-↓ with |E| < ∆(θ±) for the superconducting state.

By contrast, for the normal state, the range of ky is merely |ky| < kF with α̃2 > 0(α̃2 < 0)

for the spin-↑ (↓) electron injection.

It is noted that G/G0 for chiral SC as a function of α̃1, α̃2 does not have conspicuous local

maxima or local minima like those in the p-wave AM cases shown in Figs. 11, 12 and 17.

To clarify this difference, we calculate the ky- and spin-resolved conductance σS
↑ (E, ky) and

σS
↓ (E, ky) of d-AM/I/chiral SC junctions as shown in Figs. 20–23. Figure 20 is an example

of the dxy-AM cases and shows the change of σS
↑(↓)(E, ky) by α̃1 is small for all ky. For the

dx2−y2-AM cases, as shown in Figs. 21–23, the range of ky contributing to the conduction

process is changed by α̃2 following Eqs. (A12) and (A14). This range cannot be narrower

than |ky|/kF < 1/
√
2 with |α̃2| < 1 and the boundaries of the momentum parallel to the

interface kc, kc↑(↓) do not cross the chiral edge modes at E = 0 for chiral p- and d-wave SCs.

As a consequence, any prominent local maxima of G/G0 as a function of α̃2 cannot be seen

in the dx2−y2-AM case. The discussion above indicates that the asymmetric restriction of ky

and the boundary of ky reaching ky = 0 as shown in Figs. 13–15 are important features of

p-wave AM compared to d-wave AM.
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2 L. Šmejkal, J. Sinova, and T. Jungwirth, Phys. Rev. X 12, 031042 (2022).

29

http://dx.doi.org/10.1126/sciadv.aaz8809
http://dx.doi.org/10.1103/PhysRevX.12.031042


(a)

−1 −0.5 0 0.5 1

ky/kF

−2

−1

0

1

2

E
/∆

0

0

0.5

1

1.5

2

(b)

−1 −0.5 0 0.5 1

ky/kF

−2

−1

0

1

2

0

0.5

1

1.5

2

(c)

−1 −0.5 0 0.5 1

ky/kF

−2

−1

0

1

2

0

0.5

1

1.5

2

(d)

−1 −0.5 0 0.5 1

ky/kF

−2

−1

0

1

2

E
/∆

0

0

0.5

1

1.5

2

(e)

−1 −0.5 0 0.5 1

ky/kF

−2

−1

0

1

2

0

0.5

1

1.5

2

(f)

−1 −0.5 0 0.5 1

ky/kF

−2

−1

0

1

2

0

0.5

1

1.5

2

FIG. 20. Momentum resolved conductance σS
↑ (E, ky) ((a),(b),(c)) and σS

↓ (E, ky) ((d),(e),(f)) for

dxy-wave altermagnet/Insulator/chiral p-wave superconductor with d ‖ ẑ junction where Z = 2.
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FIG. 23. Momentum resolved conductance σS
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↓ (E, ky) ((d),(e),(f)) for

dx2−y2-wave altermagnet/Insulator/chiral p-wave superconductor with d ‖ x̂ junction where Z = 2.

The strength of altermagnet is set to α̃2 = 0((a),(d)), 0.5((b),(e)), and 0.9((c),(f)).
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