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|.— Motivation: Altermagnetic metals may form unconventional
SUPERCONDUCTORS

* Altermagnets are characterized by spin-split
Fermi surfaces but vanishing total
magnetization.

* An interesting question arises: “When cooled
to a low temperature what are the natural
superconducting instabilities of metallic
altermagnets?”

* Answer: One expects unconventional spin-
triplet, odd-parity superconducting orders!

Natural zero-momentum Cooper pairs: “equal-spin triplet” channel

[T 1 )(pcxipy) and | | ] )(p,Eip))




|.—Motivation: Altermagnetic metals may form unconventional
SUPERCONDUCTORS

* This intuition is indeed confirmed by a model calculation

for both C4,J" and C¢,J" altermagnets:

ho(k) = —2t(cos k +cos k,) —2no,(cos k, —cos k)

+ weak attraction V1 on n.n. sites

This leads to gap equations for singlet and triplet order
parameters:

A ﬁ AOCE, sinh Beg ihalet
07 9N — € cosh Bk + cosh Be,’ CMIiet smwave
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|.—Sidenote: Non-trivial Topology

}"’

Chiral p-wave superconductors are TOPOLOGICAL, specifically there are four | iral p [ o heliI ® Py, R 0

distinct possibillities:

Ground state Abbreviation Chern number Property
™ Pz +ipy)) ® | H (P2 + ipy)) pl ® pl +2 chiral
™ Pz —ipy)) ® | H (Pz + ipy)) p. ® pl 0 helical
1 (e +ipy)) ® | L (P= — ipy)) p} ®p’ 0 helical
M (Pe —ipy)) ® | I (P= — ipy)) p! ®p —2 chiral

« The two chiral phases are stable, protected by a non-zero Chern number C

+ 2.
* The two helical phases are fragile: helical edge modes are gapped out by

perturbations that break the U(1)" x U(1)" spin symmetry, e.g. Rashba
spin-orbit coupling or in-plane applied magnetic field.




ll. — Persistent spin currents and pure spin supercurrents

We argued that a natural SC ground state of the metallic q In the following we briefly discuss the
altermagnet is equal spin chiral p-wave following novel effects:

|11t )X, £ipy) and | | | }p, £ip) A. Pure spin supercurrent in a ring
In the strict non-relativistic limit the spin-up and spin-down B. Effect of spin-orbit coupling and magnetic
condensates are decoupled: disorder on persistent spin currents

C. "Spin-current dynamo effect” — generation of

T spin-polarized supercurrent in a d-wave
H= (thG 0 ) altermagnet

0 Mg

=7 ® Iyl
One thus expects an interesting possibility of spin-polarized < / )
persistent currents in these materials! O =




LA — Pure persistent spin current in a ring

=il

Consider Ginzburg-Landau free energy density:

R —

Write Y, = Woe'®s and define the current density per spin as

'yfgbo Qe
— 4 Vo, — = A
Jjo =4e—— (Vo - ).

The total current, per spin, then is

2
Ip = 4eSY¥0 2m

IJZSé°jg:IO(na_(I)/(I)O)’ 14

h
with @, = = the flux quantumand n, = 0, +1, =2, ... the vorticity.
| 2e

B2
w’l‘ ¢¢ Z fa wa | 7’
T
2e
Folth] = alf? + S BI01 + 0|V + 22 A)IP
Here D < /1% Is the coupling between the condensates proportional to SOC.

A LI

N
R /

When /| = 0 the total free energy associated with
the supercurrent can be expressed as:

1 1
F=_Lg(IZ+1I})+ §LG(IT +1))°

1 x

superflow energy magnetic energy



LA — Pure persistent spin current in a ring

1 1
F = 5LK(IT2 +I7) + 5 La(lr + I))?.

<
I =1I,(n, — ®/Dy),n, =0,+1,+2, ... -
2.5F I

N\ (ny, ny)
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| Can be detected via
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| — no spin-current probe is
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pure persistent
spin current

| . : responds to g “charge counterflow” regime —> |
------ — tr-eirrent flows in the ring. |




LA — Pure persistent spin current in a ring

Q: Will spin current survive in the presence of non-zero D ?

2
f¢T /QDJ, Z.fa wa __D(¢T¢¢+CC) | fW’

~ —Jcos(@r — @,),] = DY l




Q: Will spin current survive in the presence of non-zero J ?

B2
ST

flbr, ¥y] =

Zfa wa — _D(¢T¢¢+CC) |

I.B — Spin current in a long wire

To analyze this situation we first write the Josephson free energy

flet, eyl

—_— e

= fo+ > 15(Ves —

1

hc

2—€A)2—

and recast itin terms of () = §(C,OT + 90¢),
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A: To understand the behavior of spin current we must
analyze the equation of motion for the phase @.



I.B — Spin current in a long wire

Q: Will spin polarization survive in the presence of non-zero J ? ~ :
” — C) -
‘ 2 1 ' - L

I, @] = v [2(VQ - ﬁ—iAV + 5(V)*| — Jcosp. - -

d2(’0 | - B | d2
TH@EqUél\ftibW%fpm_ot%n follows from 6F/5g0 = 0 and reads
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I1.C — Spin-current dynamo effect

* A d-wave SC altermagnet can be used to generate
spin current from applied charge current

* We call this “spin-current dynamo effect”

* We illustrate this effect below based on self-
consistent solutions of the Bogoliubov-de Gennes
theory for equal spin triplet chiral p-wave SC
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I1.C — Spin-current dynamo effect pee44444
N
=
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* A: Yes, the dynamo effect is robust against
magnetic disorder.

7
* Q: Is the dynamo effect robust against magnetic disorder?
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lll. — Proximity-induced SC order in altermagnets

'Q: Can we induce triplet SC order in altermagnets by proximity effect?

:'! 1
% f s, r ] = fslbs] + %fa[lpa] — ED(l/);l/)S + 1/J1<1/J5 +cc)+ -

1
s ~ \E(Tl—“)ﬂ

These triplet/singlet terms are symmetry-allowed when 1, represent

Bottom line:
Pr ~ [ 1T (pa lpy» ana Yo~ W (P + lpy» | Equal-spin triplet chiral p-wave SC can be induced in an
altermagnet by proximity effect using an ordinary spin-
Both have ZERO total angular momentum /,, and hence transform singlet superconductor IF there is Rashba SOC present
under rotations just like . at the interface.

This conclusion follows from the symmetry analysis and

In addition, in-plane inversion symmetry (x,y) — (—x, —y) must be is supported by a microscopic model calculation.
broken at the interface —> require Rashba SOC to generate p-wave

SC by proximity effect.




lll. — Proximity-induced SC order in altermagnets

- Microscopic model:

1 Harm = %[51’( + ZUZUO(COSkx — COSky)]aa'Cl-(l-aCka’

i
| He = E[E" + 2Ag(0%sink, — 0¥sink,)] ,df dy,r + AOE(dI‘ZTdTM +h.c.) |

H, = g%(cliadka + h. C.)

dli triplet
gap .
singlet
* An interesting nodal superconductor emerges, comprising a mix of gap
singlet and triplet gaps
k, 0O
* This structure will be visible in spectroscopy and thermodynamics ¢
* The spin-current dynamo effect remains present \f
\
v
. 7'\
kx



lll. — Proximity-induced SC order in altermagnets

Spectroscopy and thermodynamics:

Material candidates:

SC ALM mismatch symmetry
Al Rbi1_sV2Te2 O 0.04% tetragonal
NbS FeSbs 0.61%, 3.21% orthorhombic
Nb4Seg FeBrs 2.23% hexagonal
CaKFesAsy KV2SexO 2.87% tetragonal
Pb 0sOa 7.64% tetragonal
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V. — Conclusions

. Metallic altermagnets are likely to produce
- unconventional eqgual-spin triplet

| superconductors with chiral p-wave order
parameter

2. In such superconductors persistent spin currents
can be observed in various geometries:

0.0 05 1.0 15 2.0
nlt

A. Persistent spin current in a ring with half-
integer flux

B. Robust to SOC

C. Spin-current dynamo effect robust to strong
magnetic disorder

:
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3. Some of these effects also occur in a
proximitized altermagnet

carXiv:2507.22139

Thank you for your attention!
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Finite momentum pairing

Pair susceptibilities:
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