Seeing stars:
fractionalized (alter-) magnets and
superconductors
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Symmetry-breaking order and magnetism

Consider collinear states of local moments without spin-orbit coupling

Antiferromagnet

= Staggered magnetization: (N%) #£ 0

= Combination of spin-rotation and translation R, (m) T
is a symmetry = Magnetization (M*) =0
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= Combination of spin-rotation and translation R, (m) T
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Symmetry-breaking order and magnetism

Consider collinear states of local moments without spin-orbit coupling

“Altermagnets”
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= Staggered magnetization: (N%) #£ 0

= Crystal environment or orbital ordering (or ...) break
translation symmetry: R, (7) T, notasymmetry!
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Symmetry-breaking order and magnetism

Consider collinear states of local moments without spin-orbit coupling

“Altermagnets”
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= Staggered magnetization: (N%) #£ 0

= Crystal environment or orbital ordering (or ...) break
translation symmetry: R, (7) T, notasymmetry!

= Combination of spin and lattice rotation R, (7)C; is
a symmetry: enforces (M?) = 0 and d-wave splitting

:
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Smejkal, Sinova, Jungwirth, PRX 2022 \L
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Altermagnetism — Applications and Experiments

= |nterest from spintronics community: spin splittings without
ferromagnetic stray fields <mejkal, sinova, jungwirth, Prx 2022

= spin-polarized current
L=S1—J>0




Altermagnetism — Applications and Experiments

= |nterest from spintronics community: spin splittings without
ferromagnetic stray fields <mejkal, sinova, jungwirth, Prx 2022

= spin-polarized current
L=S1—J>0
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ARPES spectra: band splittings Neutron scattering
(chiral magnons)



Unconventional magnetism: Landau theory and beyond

= Altermagnets fit into classical Landau theory:  Fam ~ N - O,,, -

magnetic octupole

PHYSICAL REVIEW X 14, 011019 (2024) PHYSICAL REVIEW LETTERS 132, 176702 (2024)
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Are there quantum spin liquids with altermagnetic features?



Outline

1. Introduction

2. Asolvable model for a quantum spin (-orbital) liquid
3. Fractionalized altermagnetism (AM¥)

4. Fractionalized superconductivity (SC¥*)

5. Conclusion



A solvable model for guantum spin(-orbital) liquid

: : Pseudospin-1/2
m — ~ - (9]
Consider model for Jer = 3/2 >pin-1/2 (e.g.. twofold-degenerate orbital)

+ + 7 .
it = H= (._:;_?’_) (J18,S;+ vty + 47,8,S5v,7)),

Kugel, Khomskii, Sov. Phys. Usp. 1983
cf. Altermagnetism from orbital ordering, Leeb, Mook, Smejkal, Knolle, PRL 2024
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Kugel, Khomskii, Sov. Phys. Usp. 1983
cf. Altermagnetism from orbital ordering, Leeb, Mook, Smejkal, Knolle, PRL 2024

Here: bond-anisotropic XY interactions
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t
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(i)

C SYNs _SUYNS SIS |

L, ]

= Exactly solvable (cf. Kitaev honecyomb model): =2 (0 ©) Km1 (€ 0 =G (0 ©)

i3

s° = —ic*c¥ = —ic’b* t* = —ie®PTpP b7 /2

™ Majorana fermions

Kitaev, AoP 2006
. . ) ! '
with constraint D; = —ib}b?b3btcc) = +1 Yao, Lee, PRL 2011
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Exact solution — Z, gauge theory with fermionic matter

After parton construction: H = 2JZ ujj <f-Trj- + h.c.)

(if) T
complex (spinless) fermion
Z, gauge field (on links)

Conserved plaquette operators W = H uj = +1 = static gauge field
(ijyel
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Exact solution — Z, gauge theory with fermionic matter

After parton construction: H=2J) uj <f-Tij- + h.c.)

(if) T
complex (spinless) fermion
Z, gauge field (on links)

Conserved plaquette operators W = H uj = +1 = static gauge field

(ij)ed

Ground state: mt-flux sector: W = —1V0O.

I I I

: & f-partons form

gapped vison I 0 I n I Dirac cones

||

e () e () s () f | - =(07/2)"
| wys—1 | -

= spins/orbitals fractionalize into visons and complex spinless fermions



Adding ISing inte raCtions UFPS, Dong, Chulliparambil, Vojta, Tu, Janssen, PRL 2020

H:JZ(sfsjf—Fs{sﬁtftf H:2JZU,-J- (f-Tﬂ-—I—h.c.)
<U>'U“ Parton construction <U>

1 1
g si g (£16-5) (55 - 3)
(if) j

(if)

Gauge field remains static!
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H:JZ(sfsjf—Fs{sﬁtftf H:2JZU,-J- (f-Tﬂ-—I—h.c.)
<U>'U“ Parton construction <U>
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g si g (£16-5) (55 - 3)
(if) j

(if)

Gauge field remains static!

Repulsive fermions on mi-flux square lattice: Quantum Monte Carlo
Wang, Corboz, Troyer, NJP 2014

N oV
Dirac semimetal Charge Density Wave
of f-fermions with (£1£) oc (1)
v o X
(8/J)c = 0.64 g/

(Z2 Gross-Neveu universality)
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Adding ISing inte raCtions UFPS, Dong, Chulliparambil, Vojta, Tu, Janssen, PRL 2020

HzJZ(Sfo-FS{S}’)thtj?‘ H:2JZUU <f-Tﬁ-—|—h.c.)
<U>p“ Parton construction <U>

1 1
g si g (£16-5) (55 - 3)
(if) (if)

Gauge field remains static!

Repulsive fermions on mi-flux square lattice: Quantum Monte Carlo
Wang, Corboz, Troyer, NJP 2014

V4 A4
Dirac semimetal Charge Density Wave
. ' i TF _1Y
y ' \ of f-fermions !! with (') oc (—1)
- ® >
, (g/J)c = 0.64 | g/
—‘l‘—“—”— (Z, Gross-Neveu universality) —?—“—?—
—o.—oo—.lo— ] ] | — e (] )

Ising antiferromagnet

Gapless quantum spin liquid with Z, topological order (AF*)



Topological order in AF*

AF*: both antiferromagnetic order and Z, topological order
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Topological order in AF*

AF*: both antiferromagnetic order and Z, topological order
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Topological order in AF*

AF*: both antiferromagnetic order and Z, topological order

[ [ 5 I I | (PBC along x,y)

|7 | mfr| 7| 7]

e @ e () e @) e () e (@ e ()
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— —o— e @ e () @

[ [ | wij =11

<U>€C

Topological ground state degeneracy on torus: labelled by “large” Wilson loops
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Projective symmetry groups

Altermagnetic analogue to AF*? = Symmetry analysis of parton bands

Complications:

1. Fermionic partons do not seem to carry spin quantum numbers
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Projective symmetry groups

Altermagnetic analogue to AF*? = Symmetry analysis of parton bands

Complications:

1. Fermionic partons do not seem to carry spin quantum numbers

2. Gauge-dependence: in a fixed gauge, physical symmetries appear broken

Translation T,

> v 7
T - ?auge trafo Gt e e
u;; = —1 Uij 7+ —1

Symmetry is restored with gauge transformation G, : ujj — sjujjs;

= “Projective Symmetry Group”: symmetries act projectively in parton theory

(GyU) *H(GyU) = H o



Projective symmetry operations

How do parton bands transform under projective symmetries?

i 2 , Translations swaps Valleys
Yt.A l

H(q) = ?iii =Dy Y @ Ur (@) ¢(a)
V,_) D ey Vb

X =(0,—7/2)7

13



Projective symmetry operations

How do parton bands transform under projective symmetries?

N 4

N

w ¥, =(0,7/2)7

- X_=(0,-7/2)"

S_|_<:>
— < @
7 =1—2f'f,

Translations swaps valleys

Yy, A l

v@= [0 S e Urn@lv)

(Y-

Time-reversal

Projective implementation: particle-hole transformation!
GrT
¥(@) = 1esy'(q)

= Time-reversal symmetry implies € (q) = —<; (q)

13



Altermagnetic deformations

What deformations to spin liquid are allowed by “altermagnetic” symmetries?
Assume symmetries of altermagnetic state:
1. Combination of Ry(m) : (s*,s",s*) = (—s",s”, —s*) and C, lattice rotations

2. Lattice reflections M,, : (x,y) — (—x,y)

14



Altermagnetic deformations

What deformations to spin liquid are allowed by “altermagnetic” symmetries?
Assume symmetries of altermagnetic state:
1. Combination of Ry(m) : (s*,s",s*) = (—s",s”, —s*) and C, lattice rotations

2. Lattice reflections M,, : (x,y) — (—x,y)

= Weak perturbations (below vison gap): use low-energy parton theory

addy
e / ) Yo
| H(qgx, qy) = (a/ﬂ/ + b, Gi + CN’/qiqj) me

w T =(07/2)" T T T

= constrain via projectively implemented symm. trafos

14



Altermagnetic deformations Neehus, Rosch, Knolle, UFPS, arXiv:2025.12298

o : sublattice index

7% :valley index

Heff(qm qy) — HO(qu qy) + no? + nfi(q)% — q)2,) 1 + )\qquTZ
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Altermagnetic deformations

o : sublattice index

7% :valley index

H"(qx, q,) = Ho(gx.qy) +  no?

|

bare parton dispersion
(Dirac cones)

_|_

Neehus, Rosch, Knolle, UFPS, arXiv:2025.12298

ni(q; — q;) 1

_|_

AGxqy T*
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Altermagnetic deformations Neehus, Rosch, Knolle, UFPS, arXiv:2025.12298

o : sublattice index

7% :valley index

Néel order parameter n:
odd under G, R, (), T and T,

}

Heff(qm qy) — HO(qu qy) + no? + nfi(q)% — qf,) 1 + )\qquTz

|

bare parton dispersion
(Dirac cones)
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o : sublattice index

7% :valley index

Néel order parameter n:
odd under G, R, (), T and T,

}

Heff(qm qy) — HO(qu qy) + no? + nfi(q)% — qf,) 1 + )\qquTz

|

bare parton dispersion
(Dirac cones)

Staggered lattice distortion < ;
odd only under T,

= nr # 0 breaks T,R,(r)
but preserves GR,(m)!
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Altermagnetic deformations

Neehus, Rosch, Knolle, UFPS, arXiv:2025.12298

o : sublattice ind
A Orbital antiferromagnetism \:
7 :valley index odd under 7 and Ty,

= breaks T R, () !
Néel order parameter n:

odd under G, R, (), T and T,

}

Heff(qm qy) — HO(qu qy) + no? + nfi(q)% — qf,) 1 + )\qquTz

|

bare parton dispersion
(Dirac cones)

Staggered lattice distortion < ;
odd only under T,

= nr # 0 breaks T,R,(r)
but preserves GR,(m)!
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Altermagnetic deformations

Neehus, Rosch, Knolle, UFPS, arXiv:2025.12298

o : sublattice index

Orbital antiferromagnetism \:
7% :valley index odd under 7 and Ty,

= breaks T R, () !
Néel order parameter n:

odd under G, R, (), T and T,

}

Heff(qu qy) — HO(qu qy) + no? + nfi(q)% — qf,) 1 + )\qquTz

|

bare parton dispersion
(Dirac cones)

Staggered lattice distortion < ;
odd only under T,

= nr # 0 breaks T,R,(r)
but preserves GR,(m)!

Note: we can write down exactly solvable spin-orbital models that realize Heff!
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Fermionic parton spectra in QSL, AF* and AM*

o _v"
== 14

Quantum spin liquid  Fractionalized antiferromagnet (AF¥)
Z, gauge theory with gapped fermions (sf) ~ (—1)'n,
Dirac fermions and deconfined Z, gauge fields
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Fermionic parton spectra in QSL, AF* and AM*

Fractionalized altermagnets (AM*)

Quantum spin liquid  Fractionalized antiferromagnet (AF¥)
Z, gauge theory with gapped fermions (sf) ~ (—1)'n,
Dirac fermions and deconfined Z, gauge fields
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Fermionic parton spectra in QSL, AF* and AM*

Fractionalized altermagnets (AM*)

- g g WTZ

Quantum spin liquid  Fractionalized antiferromagnet (AF¥)
Z, gauge theory with gapped fermions (sf) ~ (—1)'n,
Dirac fermions and deconfined Z, gauge fields |
’T:::,‘
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Parton spectrum and physical observables in AM*

Cip rotation

‘. .. d-wave particle-hole asymmetry of parton bands:

q]?

+
3 = £|n| =
- (a) d 2 Mot

(encodes momentum-dependent spin splitting)

spin-flip S (particle-hole transformation)
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Parton spectrum and physical observables in AM*

Cil rotation

‘. .. d-wave particle-hole asymmetry of parton bands:

q]?

+
3 = £|n| =
- (a) d 2 Mot

(encodes momentum-dependent spin splitting)

spin-flip S (particle-hole transformation)

What are physical observables in AM*? Recall: s? =1 — 2ff;

Longitudinal structure factor Spin transport in a field
(No single-parton spectra observable!) Applied field h breaks C4 R (y) -symmetry
(557 (k) 0 1 2 = Anisotropic spin conductivity!
. N J:pln _ gab V ,h?
t
DV o — oYY o knh*

-a/3 0 a3 17



Fractionalized symmetry-breaking orders

So far: fractionalized phases (AF* and AM¥) in Mott insulators

H= E (Jisisf+"Ztitf+4j3slsftitf)1

_— — S — =k IS S —
F¥F F3 o+ =+ 4
-zt _u? -zl G
AE=0 AE =~ AE=-% AE =~ i3
Kugel, Khomskii, Sov. Phys. Usp. 1983

spin-1/2 ® orbital-1/2

18



Fractionalized symmetry-breaking orders

So far: fractionalized phases (AF* and AM¥) in Mott insulators

H= E (J1S!Sj+'I3‘titj+4j3s‘sftitf)’

—_ — —_ — — =k IS S —
FF FF ¥ = F 4
e lt _u? - ul i
AE=(] AE=-4— aAE=-% aE =5 (i, 3
Kugel, Khomskii, Sov. Phys. Usp. 1983

spin-1/2 ® orbital-1/2

What about states (metals, superconductors) of itinerant electrons?

= Consider a band of electrons coupling to lattice of $=1/2 moments

18



Kitaev Kondo lattice: fractionalized Fermi liquid

Couple electrons to Kitaev spin liquid via Kondo interaction
H=— tz (c;r,acj,a + h.c.)
(ij)
L1
+ k> S cl Facin— KDY SPS?
i (i) o

0 ia

Senthil, Sachdev, Voijta, PRL 2003
UFPS, Vojta, Meng, PRB 2018



Kitaev Kondo lattice: fractionalized Fermi liquid

Couple electrons to Kitaev spin liquid via Kondo interaction
H=— tz (c;r,acj,a + h.c.)
(ij)

z 1 — o co
+ JKZS,' : Ec;r’aaabci,b — K Z S: Sj
i (if) o

Topological order: spin liquid stable against weak Kondo couplings!

- P>
confinement transition

Jk/t

Senthil, Sachdev, Voijta, PRL 2003
UFPS, Vojta, Meng, PRB 2018



Kitaev Kondo lattice: fractionalized Fermi liquid

Couple electrons to Kitaev spin liquid via Kondo interaction

H=— tz (c;r,acj,a + h.c.)

(i)
L1
+ kY S Ec;{agabc,-,b —KY 5SP
i (i) a
Topological order: spin liquid stable against weak Kondo couplings!
fractionalized Fermi liquid (FL*):
T a electron-like quasiparticles and fractionalized excitations
FL*
® >
0 Jx/t

confinement transition

Senthil, Sachdev, Voijta, PRL 2003
UFPS, Vojta, Meng, PRB 2018



Quasiparticle interactions in FL*

Inside FL*, Kondo coupling generates electron-electron interactions
= integrate out Kitaev spin liquid for Jx < K, t

mt_zsa(w)\/aﬁ ( ) — JK .......... IB ......... J K _|_
i T X (w)
spin density of itinerant electrons T

spin susceptibility of Kitaev QSL
(exactly known)
Knolle, Kovrizhin, Chalker, Moessner, PRL 2014
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Quasiparticle interactions in FL*

Inside FL*, Kondo coupling generates electron-electron interactions
= integrate out Kitaev spin liquid for Jx < K, t

mt_zsa(w)\/aﬁ ( ) — JK .......... I8 ......... J K _|_
i T X (w)
spin density of itinerant electrons T

spin susceptibility of Kitaev QSL
(exactly known)
Knolle, Kovrizhin, Chalker, Moessner, PRL 2014

Static approximation: drop frequency dependence

2 1
e o 25 () )

= Study instabilities of H = H; + Hint (hOneycomb lattice)!

21



FRG results for effective model Bunney, UFPS, Rachel, Vojta, PRL 2025

Functional renomalization group results for effective model

Antiferromagnetic Kitaev exchange  Ferromagnetic Kitaev exchange

® SC: d-wave
® SC: p-wave
A SDW

X FL

105 - g ¥ -—= U =250
? 5 : o’ — U=3.00
106 - : 4 236 323X ' :

1 1 1 1 1 1 1
1.10 1.15 1.20 1.25 1.30 1.35 1.10 1.15 1.20 1.25\1.30 1.35

Tc Ne

Van Hove singularity at n=5/4
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FRG results for effective model Bunney, UFPS, Rachel, Vojta, PRL 2025

Functional renomalization group results for effective model

Antiferromagnetic Kitaev exchange  Ferromagnetic Kitaev exchange

® SC: d-wave
® SC: p-wave
A SDW
X FL
....... VH
1o ; 4 Lo —= U =2.00
le : ] :
107° 3 : L i p --=- U=250
; 5 1.7 S’ — U=3.00
106 - : 4 2 562 2 31X s :
110 /115 120 125 130 1.35 110 115 110 1.25'\1.30 1.35
Ne Ne
Van Hove singularity at n=5/4
Chiral spin-singlet pairing, (=4 Chiral spin-triplet pairing, C=4
0.05 (2) 0055 ()
= o] >< >< S o ;é< 2 >§E
T T T T —0.05 1 T \I T

= Interactions induce superconductivity (with non-trivial band topology)!
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Fractionalized superconductivity  sunney, urps, rachel, vojta, PRL 2025

fractionalized Fermi liquid (FL*):
electron-like quasiparticles and fractionalized excitations

\

\

\

\

- >
confinement transition

JK/t
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fractionalized Fermi liquid (FL*):
electron-like quasiparticles and fractionalized excitations

> JK/t

confinement transition
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Fractionalized superconductivity  sunney, urps, rachel, vojta, PRL 2025

fractionalized Fermi liquid (FL*):
electron-like quasiparticles and fractionalized excitations

> JK/Z'

confinement transition

fractionalized superconductivity (SC¥)
= “Majorana glue”: pairing mediated by QSL

23



Fractionalized phases: insulating and itinerant

Fractionalized Altermagnetism (AM¥*) FL* and SC* in Kitaev Kondo lattice

r\CEP) rotation

- >
spin-flip S (particle-hole transformation) Je/t
= Exactly solvable models for = Kitaev Kondo lattice: realizes
fractionalized quasiparticles (partons) fractionalized Fermi liquid (FL*)

with altermagnetic splittings
= Pairing instability in FL* leads to

= Symmetries act projectively, e.g.: superconductivity (SC*) without
TRS encoded in particle-hole symmetry confinement
Neehus, Rosch, Knolle, UFPS, arXiv:2025.12298 Bunney, UFPS, Rachel, Vojta, PRL 2025
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Appendix
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Results from symmetry analysis

Allowed terms

(g —aq,)1

axqyT

Ry ()
+1

T Ty
+1 41
-1 +1
-1 -1
~1  +1
-1 -1

~ Bare parton dispersion

~ Magnetization m?

~ Néel antiferromagnetism n

~ nX (staggered lattice distortion &)

~ Orbital antiferromagnetism
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