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Minimal models for altermagnetism

Motivation: > Ab-initio calculations: material specific
» Study the mechanisms and physical properties

Minimal one-orbital model: sublattice 7;, spin o;

—

H=cox+tyxTa +t,x7: + Ty& o+ 71,0

N/ ' '
Dispersion inter/intra- SOC AM OP

sublattice hoppings

TO, Tx :invariant under point group symmetries

Ty, Tz :odd under some point group operations

1/2

Eoz::I: = &0,k p O‘(txz’k g (tz,k = 5 f 5)')2)

» Momentum-dependence of spin-splitting determined by point group and
Wyckoff position of magnetic ions.
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Minimal models for altermagnetism

Motivation: > Ab-initio calculations: material specific
» Study the mechanisms and physical properties

Minimal one-orbital model: sublattice 7;, spin o;

—

H=¢cox+1toxTs +t, k72 + Ty& o+ 71,0

N/ ' '
Dispersion inter/intra- SOC AM OP

sublattice hoppings

TO, Tx :invariant under point group symmetries

Ty, Tz :odd under some point group operations

» Can be applied to monoclinic, orthorhombic, tetragonal, hexagonal, cubic and
rhombohedral materials

» Describes d-wave, g-wave and i-wave AM

M. Roig et al, PRB 100, 144412 (2024)
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The rutile case (“fruit fly”)

H=¢eox+toxTz +1,x7. + Tka -0+ sz- o

k
lex = tocos %’*‘ COS 73’ CcoS %z

tzx = tsosink,sink, ===gp d-wave symmetry
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The rutile case

—

H=¢eox+toxTz +1,x7. + Tka -0+ 1,

k k k
lexk = 1o COS 5 COS 5 COS 5

tzx = tsosink,sink, ===gp d-wave symmetry

o

Minimal tight-binding model

R.1102

J. =0

I X M I Z R
Wyckoff positions +

lowest order hoppings

k.A
7 I8
A
I X
h,

2.0 g

Energy (eV)
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o o

-
o

r X ™

r

Z R A

[Ahn et al., PRB (2019)]
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Minimal models for altermagnetism

Other material candidates

—

Hzeg,k—l-tm,kﬂc+tz,kTZ+Tka°5+TZJ-5,

* Orthorhombic systems: x-Cl and FeSb: - [rsh \ /

Ry 0.3

FeSh,|: [Mazin et al., PNAS (2021)], [g(m_é>__ V,_.._*/____k
[Lukoyanov et al., EP) B (2006)] 0s

tzxk = locCOs %“’ COS %y COS %Z 0.61 /\ / \

— : : Q03] |_ \L

t.x = trosink;sink, Lq00/;/\‘/::2/{/

- A 3
—0.31

Zz I' S R T Y S X U R Z

* Hexagonal systems: |CrSb or MnTe

Top view Side view
~

2
t.1x = tysink, sin k,(cos V/3k, — cosk,)

Lz x = T4 COS

mmm) g-Wave symmetry

e Lieb lattice materials & 2D layer groups.
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Minimal models for altermagnetism

General symmetry analysis
M. Roig et al, PRB 100, 144412 (2024)

Focus on centrosymmetric SG with
magnetic ions on inversion sym.

Wyckoff positions with multiplicity 2.

TABLE II. Space groups and Wyckoff positions that allow alter-
magnetism: tetragonal, rhombehedral, hexagonal, and cubic groups.

SG (P) Wyckoff (S) |, Spin splitting (fr,, (K))
83 (Can) 2e,2f (Con) B, akeky + B(kI — k2)
84 (Csp) 2a-2d (Cap) B, akeky + B(K2 — k3
87 (Can) 4c (Co) B, akeky + Bk — k)
123 (Dsp) 2e.2f (Day) Bi, k2 — k2
124(Dyy) 2024 (Cu)  Agg keky (k3 — K3)
127 (Ds)  2a2b(Cu)  Agg kcky (k7 — k)
127 (Dsp) 2¢,2d (D) By, kky
128 (Dsp) 2a,2b (Cyp) Ag keky (K2 — k2)
131 (D) 2a-2d (Dy) B, ki —ky
132 (Dsp) 2a,2¢ (Dyy) By, keky
136 (Dsp) 2a,2b (Dy) By, kky
139 (Dap) 4c (Do) By, k2 — k2
140 (Dan) 4c (Can) A, kiky (k3 — k3)
140 (Dsp) 4d (D) By, keky
163 (Dsa) 2b (Ss) Agg kykz (k2 — 3k2)
165 (Ds4) 2b (Se) Agg keky (k2 — 3k2)
167 (D3a) 6b (S6) Ay keke (kZ — 3k3)
176 (Cen) 2b (Se) B, arkyk (k2 — 3k2)
+Bkck (k2 — 3k2)
192 (Den) 2b (Cen) Are  heky(K2 — 3K2)(K2 — 3k2)
193 (Den) 2b (D3a) By, keke (kZ — 3k3)
194 (Den) 2a (Dsa) B, kyk (3K2 — &)
223 (On) 2a (Dsq) A ki (k} — k7)
+kj (k2 — k?)
+h}(kE — kD)
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Minimal models for altermagnetism

General symmetry analysis
M. Roig et al, PRB 100, 144412 (2024)

Focus on centrosymmetric SG with
magnetic ions on inversion sym.
Wyckoff positions with multiplicity 2.

TABLE IV. Tight-binding coefficients for space groups with two atoms per unit cell at the inversion center, but without nodal plane. The
same abbreviation applies as in the previous table.

SG T 7, Ty0x Ty0y 7,0;
13(2a-2d) Czp2, SxSz2 Sy(Sx, 82) Cz24 Sx8z2 Sy(8z/2, $xCzp2) Czp2, SxSz2
49(2a-2d) Cp SxSy SxSz2 SySz2 Cp
weean O (cx = €y). s, S e, e - )
84(2a,2b) Cp (cx —¢y), SxSy (A18x + A2Sy)sz2 (—=A18y + A28x)sz2 Cza(cx — ¢y)
@oan (R (een) o)
123(2e,2f) Cxp2Cyp (cr —¢y) ACyp28yS; ASy2CypS; Sx/28y2
124(2b,2d) C2 SeSy(Cx — ¢y) ASySz2 ASySz2 C2
131(2a,2b) Cp (cx —¢y) ASySz/ ASxSz2 SxSyCz2
131(2c¢,2d) Cx/2Cy2Czp2 (cx —¢y) ACx28y257)2 ASx/2Cy 2872 Sx/28y/2C22
132(2a,2¢) Cp SxSy ASxSz2 —ASySz2 Cya(Cx — ¢y)
163(2b) L f.;(f.vz —23f} )szz, X Mfuszn MfySz cnr
LBR=sn KEUE=3MOCR-FD)  +ha( - fep —2hafifycp G2 = s
165(2b) SN LR =360 hifesipn My anr
KGR =1sn A2 =3MGR - 12 20 fefyCzp (2 = ez KB = s
192(2b) Cz2 LA =3RGR = 1) Aszpafe As:pfy Czp2
223(2a) Cx2Cy2Cep2 (cx — ¢y)(ey — ¢)(c; — ¢x) ACx/28y/287/2 ASx/2Cy/2822 ASx/28y2Cz2
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Altermagnetic susceptibility

Stabilization of Altermagnetism

e Minimal model in the normal state
H,(k) =&0k T tw,ka + tz,sz

* Intra-orbital Hubbard interaction: i, = U n 7,
(N
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Stabilization of Altermagnetism

e Minimal model in the normal state
H,(k) =&0k T tw,ka + tz,sz

* Intra-orbital Hubbard interaction: Hi,, = U n; umi
(N
* RPA susceptibility: [xrpa(q,ign)l}} 2 = [XO((L i¢n) (1-Uxo(a, iqn))_l}

1,2

H3,Hta
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Stabilization of Altermagnetism

Minimal model in the normal state
H,(k) =&0k T tx,ka + tz,sz

Intra-orbital Hubbard interaction: Hi.. = U  ninip

RPA susceptibility:

[XrRPA (4, qn)]

K12 —
H3 514

Ferromagnetic vs altermagnetic channels

Xhoa (4, w)

AM
XRPA

(q,w)

> [xrea(q,ign — w +in)]4

w,v

M
v

)

(Y

0.22

0.18

2_
o« 1]
S0
1]
_2-
X M r 7 A 7
) . — 1M1 M2
[XO((L ign) (1-=Uxo(q, ign)) }
Hm3, 14
e N(q) \\\ 0.25 \‘ == AM(q) /
| /’ \ \\ | | II
! ! \ \ 4\ 7
L \ \ ,/,i v
mTN *, ‘ \_~70.20; \ o

D (=1 (=1)"[xrpa(Q, ign = w +in)lik

87

1.0
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Altermagnetic susceptibility

Stabilization of Altermagnetism

— [N}
s N

o
.

Minimal model in the normal state Lff
/ 53]
H (k) = 60,k + t.’L’,ka + tZ,kTZ _9

Intra-orbital Hubbard interaction: Hi.. = U  ninip
(N
RPA susceptibility: [xrra(q,ign)]ii "2 = [Xo(q, ign) (1=Uxo(a, iQn))_l}
1

* Ferromagnetic vs altermagnetic channels

0.8 |12

: . 0.6
Xrpa(q,w) = Z[XRPA((L ign = w+in)lLy E

w,v —
y . . 0.4+
xipa (@ w) = > (=1)*(=1)"[xrpa(Q, ign = w +in)lih
w,v

0.2+
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Altermagnetic susceptibility

Understanding the susceptibilities

 What stabilizes a leading AM vs FM instability?

o X M(qw) = Z[x(q,iqn — w +in)]l
* Susceptibilities in the two channels
aq,w) = Z( D*(=1)"[x(a,ign — w +in)]il
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Altermagnetic susceptibility

Understanding the susceptibilities

 What stabilizes a leading AM vs FM instability?

o X™M(q,w) = Z[x(q,iqn — w + i)
* Susceptibilities in the two channels
M(q,w) = Z( 1) X(Q, ign — w + in)]4k

e Evaluation in the band basis:

AM /) 1 ) f(E+) df (¢) df (¢) Eigenenergies: E:/_
X (0) - Zsm Ohc { E+ de N + de . Eigenvector:
e=FE, e=k, .
([ sin(6x/2)
Uk =\ cos(6y/2)
1. Competition between intra- and inter-band terms
t:c,k
2. sin?6 > 0, sinfy = > >
\/tz,k + t:n,k

3. Band degeneracies E;" — E. — 0 help AM

M. Roig et al, PRB 100, 144412 (2024)
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Landau free energy & effects of SOC

 General form of free energy

vy by—y  ay—y = — 2 a2 2 L A2 2
F= 2IN? 4+ EN + 2SI = H - M+ M+ 5,V = VD) + 55N + N = 2V



UNIVERSITY OF COPENHAGEN SPICE, Mainz 2025

Landau free energy & effects of SOC

 General form of free energy
aN—> bN—> aM—> —_— —
F= 7N2 + 7N4 + 7M2 — H - M + c;M;N; + 5,(N; — N}) + 5,(N} + N} — 2N?)

All Landau coefficients can be obtained from the minimal models
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Landau free energy & effects of SOC

 General form of free energy

F=7N2+7N4+7M2_H.M,-NJ-+sl(Nxz—Ny2)+s2(Nf+Ny2—2NZ2)

All Landau coefficients can be obtained from the minimal models

 Role of SOC in altermagnets
1. Preferred direction for the AM moments

2. Large anomalous Hall effect and weak ferromagnetism
[Smejkal et al., Nat. Rev. Mater. (2022)], [McClarty et al., PRL (2024)], [Fernandes et al., PRB (2024)],...
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Landau free energy & effects of SOC

 General form of free energy

bN —_— —

arr — — Arg —
F=7NN2+7N4+7MM2_H.M,-NJ-+sl(Nxz—Ny2)+s2(Nf+Ny2—2NZ2)

All Landau coefficients can be obtained from the minimal models

 Role of SOC in altermagnets
1. Preferred direction for the AM moments
2. Large anomalous Hall effect and weak ferromagnetism
[Smejkal et al., Nat. Rev. Mater. (2022)], [McClarty et al., PRL (2024)], [Fernandes et al., PRB (2024)],...
* DFT: large AHE but different FM moment depending on the AM material

e [Smejkal et al., Sci. Adv. (2020)], [Mazin, arXiv (2024)]
» Vanishing: RuO,, MnTe, CrSb [Autieri et al., PRB (2025)]

» Large: FeSb,, RuF, [Mazin et al., PNAS (2021)], [Milivojevi¢ et al., 2D Mater. (2024)]
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Landau free energy & effects of SOC

 General form of free energy

adrnr — b — dry — —_— —
F=7NN2+7NN4+7MM2_H.M,-Nj+sl(Nf—Ny2)+s2(Nf+Ny2—2NZ2)

All Landau coefficients can be obtained from the minimal models

 Role of SOC in altermagnets
1. Preferred direction for the AM moments
2. Large anomalous Hall effect and weak ferromagnetism
[Smejkal et al., Nat. Rev. Mater. (2022)], [McClarty et al., PRL (2024)], [Fernandes et al., PRB (2024)],...
* DFT: large AHE but different FM moment depending on the AM material

e [Smejkal et al., Sci. Adv. (2020)], [Mazin, arXiv (2024)]
» Vanishing: RuO,, MnTe, CrSb [Autieri et al., PRB (2025)]

» Large: FeSb,, RuF, [Mazin et al., PNAS (2021)], [Milivojevi¢ et al., 2D Mater. (2024)]

Large AHE from microscopic models €= FM constrained by quasi-symmetries
|PRB 110, 144412 (2024) [Liu et al., PRL (2024)], [Guo et al., Nat. Phys. (2022)]
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Landau free energy & effects of SOC

* Free energy

aN =9  ON =24 QM o
F=—N —N —M
2 ™ 4 T 2

Néel order: 7. N - &

Magnetization: M - &
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Landau free energy & effects of SOC

* Free energy

— b — —
=N pp2 0N e OM o +leij M;N;
2 4 2 X

Néel order: Tz]\—f .G Bilinear coupling
o - allowed in the
Magnetization: M - & presence of SOC
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Landau free energy & effects of SOC

* Free energy

L, by - .
p=UN N2 2N N O e e MG N

2 4 2
—_ \ ol .
Néel order:7,N - |— 'yeI'y Bilinear coupling
o . allowed in the
Magnetization: M -5 |— " 4 presence of SOC

* Bilinear couplingif 'y ®I'4 ® 'y
contains the trivial IR [McClarty, PRL (2024)]
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Landau free energy & effects of SOC

SPICE, Mainz 2025

Free energy

e by P
=N N2 2NN OM e e MG N

2 4 2

Néel order:rzﬁ ¢ |~lael'y

Magnetization: M - & |—[[ 4

Bilinear couplingif '41 ® 'y ® I'ny

\

Bilinear coupling
allowed in the
presence of SOC

contains the trivial IR [McClarty, PRL (2024)]

Ex: P = Dyy, I'n = Bog ~ kzky, I'a = E,® Ay

'y l'yI'y —>A19
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* Free energy

a — b — aAng =«
F=-2SN? 4+ AN 4 Y072 ey M N
2 4 2
—_ \ .oy .
Néel order: . N - & |— 'ye®I'y Bilinear coupling
allowed in the
presence of SOC

Magnetization: M - & |—[[ 4

* Bilinear couplingif 'y ®I'4 ® 'y
contains the trivial IR [McClarty, PRL (2024)]

* Ex: P =Dy, I'n = Bog~Ekyky, I'a =E; D Ay,
Fr'pel'ae 'y — Ay

N ~ 71,0 ~ kk,0

N M,N, + N, M,
M ~ & } ey

(U:Ua a'y) ~ (kykza k:vkz)



Landau free energy & effects of SOC
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* Free energy

a/N 39 bN —’4 a/]\[ —’2
F=—N —N —M- +
2 * 4 i 2

—-I'AaI'N
['4

C,J]\/LNJ

Néel order: 7. N - &

Magnetization: M/ - & |—

* Bilinear couplingif 'y ®I'4 ® 'y
contains the trivial IR [McClarty, PRL (2024)]

* Ex: P =Dy, I'n = Bog~Ekyky, I'a =E; D Ay,
Fr'pel'ae 'y — Ay

N ~ 71,0 ~ kk,0

N M,N, + N, M,
M~& } ey

(U:Ua a'y) ~ (kykza k:vkz)

fF N (k)

Lowest order
invariant

Cop

akzk. + Bkyk.

I N, M., a2, M.
asN.M,, asN. M,

Doy, Blg /\'T;(-ky a1 M, 1\"}, + asM y N,
Doy, | B2y keok. ayMyN. + a2 M. N,
Dy, | B3y key k- ot M. N, + oM, N.
, a(ks — A’f,ﬁ) M, Ny, + M,N,,
‘an| By + Blaky M,N, — M,N,
Dyp | Asy kl‘_kry(kf — Aj) M N, — M,N,

D4h.
-D4h

ki — k;

1y

A, k.y )

M.N. — MyN,
M.N, + M,N,

D.'.’ud 4

k;l:k'; (Lf — 31»5)

M, ]\'r;z/ - M Y *?\T&l’

Céen

akyk.(k; — 3k3)
+ Bk, k. (k2 — 3k2)

oM. N,(3NZ = N?)
+8M.N,(3N? — N?)

Deh,
D(ih.

koky, (K2 — 3k2)
x (ki — 3k3)

ko k- (3]1':_.?. — A,Z,)

kaok (k3 — 3k3)

M.N, — M,N,

M.N,(3N2 — N2)
M.N, (N2 — 3N?)

Oy, |-

kf;l.‘l(kf,flz— kﬁz)
+kﬁ(k§ - l.'t;‘,z;)
+EZ (R — k)

M,N.(NZ - NZ)
+M,N,(N? — N7)
+M.N.(N2 - N2)




UNIVERSITY OF COPENHAGEN

Landau free energy & effects of SOC

SPICE, Mainz 2025

* Free energy

L by oy anr o
F="N?+ ZIN" + ZL0? +ei; My,

Néel order:TzN ¢ |~lael'y
Magnetization: M - & |—[[ 4

* Bilinear couplingif 'y ®I'4 ® 'y
contains the trivial IR [McClarty, PRL (2024)]

* Ex: P =Dy, I'n = Bog~Ekyky, I'a =E; D Ay,
Fr'pel'ae 'y — Ay

N ~ 71,0 ~ kk,0

N M,N, + N, M,
M ~ & } ey

(U:Ua a'y) ~ (kykza k:vkz)

. : Lowest order
P Ly Jry (k) in\aliant
Dan | Big keok, o \/ Ny oz A.f,, N_,
Doy, | Bag kok. aitMyN., + a2 M. N,
Dy, | Bs, keyk. a1 M. N, + aa M, N.
alks — k2 M,N, + M,N,,
Can | By E,ﬂ ky) M,N, — M,N,
Dap | Azg | koky (k2 — k2) M.N, — M,N,
Dyy, | Big A2 k2 M.N, — M,N,
Dy | Bay ko ke, M.N, + M,N,
D3, Agg ko k. (kz - 3kfl) AL,.J\‘TH o ;\fuj\/—.
o | g | kb= (k] =3K7) [ ad.N,(3N? — N7)
6h| g +ﬂk k- (k2 3k2)[+8M. N, (3N2 — NZ)
. I 2 ,,2
Dep | Azg A'l;f(y A(g o 3 A:f')y) M.N, — M,N,
Den|B1y| kyk-(3k2 —k2) | M.N,(3NZ— N2)
Dep |Bag| kuk (k2 — 3k2) M.N, (N2 — 3N2)
kI (k2 — k2) M.N.(N2 = N2)
Oy, | Az +ls1,(k2 *2) +M,N (N2 N2)
+k5(k2 — k2) +M,N,(N2 — N2)

No bilinear coupling
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Landau free energy & effects of SOC

* Minimal model for altermagnetism
Ho(k) = €0,k + tw,kTm + tz,k’]'z + TyS\k -0
H=7,N-¢d+M- -7

—

m.N-o M -

QL

e Quadratic free energy

1 ; B,
FQ2 = 25 S TH[Gor.N - §Go M - 5]

LW,
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* Minimal model for altermagnetism
Ho(k) = €0,k + tm’kTm + tz,sz + Ty;\k -0

H =7,N-¢+M-¢&

* Quadratic free energy LEAN

2[f (Ey) —f (Ey)]

. - _f+
e=E, Ek_Ek

LA

[Only antisymmetric combinations are] L(k) = df (€)
+ de
€:Ek

generated to linear order in SOC - 0




Landau free energy & effects of SOC
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* Minimal model for altermagnetism

Ho(k) = €0,k + tm’kTm + tz,sz + Ty)\k -0

H =7.N-¢+M-&
N

T, o

e Quadratic free energy

1 - -
F](V2]\)4 == ﬁZTI'[GoTzN-(_T’G()]\--f-é"]

Only antisymmetric combinations ar
generated to linear order in SOC

)

Lowest order

M, linear

PN Jrx (K) invariant in SOC
. s P g N M., o Ny M.
C‘Zh. B!) O«lv.rl\': == ,.'_'3]1--1/kg QB-Z\'rz Aly’ O¢'4_Z\IT: A.'[J- v
D3y, | B1g Kby a1 M, N, + aaM,N. v
D3y, | Bag k- a1 MyN. + aa M. N, v
Doy, B.'_))g ky k- a1 M.N, +aoM,.N. v
a(ks — k;) M, N, + M, N,
Can| By " Bhok, M.N, — M,N, X
Dy | Azy k‘;plify»(k'i — k) M,N, — M,N, v
Dayp | Big k3 — ky My Ny — MyN, X
Dyj, | B2y [ M,.N, + M,N, X
Dsq| Aoy | kok. (ki — 3k;) M,N, — M,N, v
, akyk.(k; —3kZ2) | aM.N,(3NZ — N7)
Con| B | | gk (k2 — 3k2) |+BM.N,(3N2 — N7) X
kyk, (k3 — 3k2
Dgp | Azg Ax (le(ﬁ - gki )U) M. Ny, — M, N, v
Den|Big| kyk.(3k2 — k2) M. N;,,(:%J\_"f - N;’ ) X
Den | B2y | kok. (k2 —3k2) | M.N,(N2? —3N? X
ky(ky — k2) M,N,(N; — N?)
Op |Agy|  +ki(k2 — k2) +M,N,(N? — N?) X
+kI(k2 — k3) +M.N.(NZ - N?)
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* Minimal model for altermagnetism

Ho(k) = €0,k + tm’kTm + tz,sz + Ty)\k -0

H =7.N-¢+M-&
N

T, o

e Quadratic free energy

1 - -
F](V2]\)4 == ﬁZTI'[GoTzN-(_T’G()]\--f-é"]

Only antisymmetric combinations ar
generated to linear order in SOC

)

Lowest order M; linear
Pl Jry (k) invariant in SOC
CVQh. B_q O:k,r k,: + Blf;rlkz 2; j:rl:;\;:’ Zigru:;\}: v
z Y LV z &
Dsy, | Big ke key a1 M. Ny + aoMy N, v
Doy, | Bag koke o MyN. + aa M. N, v
D5y | B3, ke a1 M_N, + oM, N. v
a(k: — k) M, N, + M,N,,
Can| By - Bk, kyl M,N, — M,N, X
D4h 4425; k;lt l\u(ltf - ki) A’—[w ‘,\ry — im'[ylr\r;l: v
Dan | Big ki — k) M, N, — MyN, X
Dy | By, koo by M, N, + M,N, X
Dsg| Aoy | kok. (kI — 3k7) M,N, — M,N, v
B akyk.(ky —3k2) | «M.N,(3N; — N;) X
O P9 N 4 Bk (k2 — 3k2) [+8M.N,(3N2 — N2)
ok, (k2 — 3k2
DG}, 4‘429 X (JI\E;ZI ‘_ 3}{% )y) A-[.r -'\'ry - i?\'-[ylr\r.r. /
Den | Big 1\'7;;/\'1:(3/\'7.‘?)7 - l\lzl) M. ]\r’y(B./\.rf — Ng ) ) 4
Den|Bog| kuk.(k2 —3k2) | M.N,(N2? —3N2) X
) M,N.(NZ = N?)
Op |Asy|  +kib(kZ — k2 +M,N,(N? — N2) X
+ki(k2 — k2) +M.N.(N? — N7
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Landau free energy & effects of SOC

SPICE, Mainz 2025

* Minimal model for altermagnetism

Ho(k) = €0,k + tm’kTm + tz,sz + Ty)\k -0

H =7,N-¢+M-¢&

N .o

Tz

e Quadratic free energy

F](V2]\)4_ ZTI‘GoTzN (TG()]\[ O‘]

Only antisymmetric combinations ar
generated to linear order in SOC

)

Role of secondary order parameters:

Lowest order M; linear
P TN Jrn (k) invariant in SOC
CVQh B_q Oik.r k',: + ‘Bkilkz 2; ;:T;:;\;;: z:i:x{:;\;j /
Doy | Biy Ko key a1 M. N, + as M, N, v
Dy, | Bag kayk- atMyN. + aa M. N, v
Doy, | B3, keyke a1M.N, +aaM,.N. v
alk: — k2 M.N, + M,N,.,
Cun| By ( Bk, 1,,:) 1\'[1,1\';: — A[:,NU X
Dap | Asg | kuky (k3 — ) M,N, — MyN, v
Dan | Big 1& k) M,N, — MyN, X
Dy, | Bay ke ke, M.N, + M,N., X
Dsg| Aoy | kok. (kI — 3k7) M,N, — M,N, v
w1 | B akyk.(ky —3k3) | «M.N,(3N; — Ny) X
on | Bl g ko (k2 - 3k2) | +8MLNL (BN2 — N2)
DGh 4429 kI A(llk(éll 3 /‘jﬁ)y) A-[.r 'I\r!/ - A-[ Yy j\r‘ /
D()'h B1g l‘ul‘ (31‘ 1/) A[” \T'I( /\'- \y) x
Dy |Bog | knke (k2 — 5L ) | M.N,(N?—3N;) X
k3 (Az—k?) M, N, (’\7’—1\7 )
O | Asy +L,,(k' k2) +M,N. ,,(N2 — N2) X
k(K2 ki) +M.N.(N2? - Nf

0;

M. Roig et al, PRL 135, 046701 (2025)
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The case of the rutile lattice and FeSb,

* Microscopic model for altermagnetism P [ oy [ frgag [ Tovest order T Tear
- = — - Dy, | Bag | kiky M,N, + M,N, ‘,T
H=¢cox+tokTe +t:xT: + TyAk -0+ TN -G DolBu| bk [0l oV | 75

Rutile structure (SG 136, P = Dy, 'y = Byg) FeSby structure (SG 58, P = Doy, I'y = Byg)
_/ — Spin ul.) 0.6
1- \ = Spin down 0.4
RTINS EJxO.? y \ e
= / 0.0 .4._ c L oy - -:—:r:.--é.
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The case of the rutile lattice and FeSb,

* Microscopic model for altermagnetism P [ oy [ frgag [ Tovest order T Tear
- = — - Dy, | Bag | kiky M,N, + M,N, ‘,T
H=¢cox+tokTe +t:xT: + TyAk -0+ TN -G DolBu| bk [0l oV | 75

Rutile structure (SG 136, P = Dy, 'y = Byg) FeSby structure (SG 58, P = Doy, I'y = Byg)

-/ —— Spin up o
= Spin down 0.4 -

T \/W /x/ sl

r X M T Z R A 2 Z I S R T Y S X U R 2

M = pg 3 (uf|S|ug) f(EL)

n

k
o —
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The case of the rutile lattice and FeSb,
* Microscopic model for altermagnetism P o[ oy [ eyt | Fovestorder [ Tiear

— D-.lh BQ(]

\ 5 = o | kaky M, N, + M,N,
H = €0k +lo kT + 1, kT, + Ty)\k G+ 1.N-& pul B | ok

X
/
'y QO 1;\]‘,-;\"" + (121‘1!,4\",. (/)

Rutile structure (SG 136, P = Dy, 'y = Byy) FeSby structure (SG 58, P = Doy, I'y = Byg)

/ = Spin up 0.61
= Spin down 0.4

1
S 0fF====ffF==———p=-j === £
M2 TN Ve
—1 A / 0.0 .4._ c TR BT z -:’_"Eh-é

r X M T Z R A 2 Z I S R T Y S X U R 2

M = ul | S|ud ) f(E
 SOC-induced magnetization Hp 2ak (UiclS]ic) (Eic)

:2 0044 ;[M.; fl‘om\N.r
L) “y == M N,
[To 3/ Trom v
X = 0.02 1
- =
=
O B T T T T OOO A : : ' I |
0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 50

Qsoc Gizoe
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The case of the rutile lattice and FeSb,

* Microscopic model for altermagnetism P | Ty | Sy | Lovestorder AL near

=2 — D-Hl B‘Zg ]'
N ¢ O- D’Zh Bl_q I‘l v

(
,I\ 1‘[,-4\‘?1/ + .“.[!,1\"‘,- ( x >
k Q 1;‘[,-1\“._,, + OQ;\I”;\'J. C/)

H = €0,k T lokTr + tz,sz =+ 7-y)\k -0+ T,
FeSbs structure (SG 58, P = Doy, I'yy = Big)

Rutile structure (SG 136, P = Dy, I'y = Bag)
gz /_\0.04_ —— :[M,; fromVN,
= 47 Q ——= . ]
[To \3} rom v
=0.02
% =
2;:
O- T T T T 0'00- T T T T T
0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
asoc aSOC
I, xo.,V,
e? dk
Oij = _E 93 E fn(k)Qn,zJ
Bz (27) n
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The case of the rutile lattice and FeSb,

* Microscopic model for altermagnetism Pl ry [ e | Covest onder A Tincar
v mvarial 111 = :
v — 7 — Dyp, | Bay kzky 4‘[:%‘!/ + M,N, i ®
H — 6071{ + tm,kTm + tz,sz _I_ Ty Ak ¢ O- _|— TzN ¢ O- D'Zh Bly ]‘..1']"_(/ nli‘-[‘ri\“y +n‘21‘1yi\.r Cl)
Rutile structure (SG 136, P = Dyj,, I'nyy = Boy,) FeSby structure (SG 58, P = Doy, I'yy = Big)
b d
( ) gi (/_)\0.04_ = —M, from N,
;?/2 T Qq === M, from N,
= L
(.02 4
o =
2 O L T T T T O'OO L T T T T T
0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Asoc Usoc

Quantum geometric tensor [Graf and Piéchon, PRB (2021)]

Thij = Te{(0;P,)(1 — P,)(0;P)}, wWith P, = [,) (1] ) Q= —2Im{T, ;;}

M. Roig et al, PRL 135, 046701 (2025)
M. Roig et al, PRB 100, 144412 (2024)
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The case of the rutile lattice and FeSb,

* Microscopic model for altermagnetism Pty [ [ Tovestord

Lowest order

M; linear

( in SOC
— - — - Dy, | Bag | kiky A\[,A}, + M,N, ' XD
H=cox+texTe +t,xT: +TyAk - 0 + TN -G DulBy| kk [0dLN, ol N | C75
Rutile structure (SG 136, P = Dy, I'y = Bag) FeSby structure (SG 58, P = Doy, I'yy = Big)
b) =
( ) Q (d) | === — M, from N,
3 - 0.04 v
l:-/2 y Q === M, from N,
= =
=0.02 1
o =
= 04 : ' . , 0.00 1 : , , :
0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Usoc Usoc
N |
Q((zﬁl),j — 2E3ﬂ Z 'gmn [(NI + /}ltz,kl)amﬂl,kantx,k
a.fp mn=i,j
e? dk
+ Sgn(tz,k)/}’x,kamtz.kanll,k Oij = — % 3 Z fa,ﬂ(k)Qa,B,ij,
h Jgz (27) a.p

+ Sgn(’z.k)/3/11,kamfx,kan’z,k] :

-+ Linear in SOC
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The case of the rutile lattice and FeSb,

* Microscopic model for altermagnetism P |ty | o | Lovestorder A Tinear
: SN invariant in SOC

- Day | Boy | kiky M,N, + M,N, X
N - o Don | Brg | Fuky | ML N, T, N, | C7 D

H = €0,k T tw,kTa: =+ tz,sz =+ Ty)\k 0+ T,
FeSbs structure (SG 58, P = Dy, I'ny = By,)

Rutile structure (SG 136, P = Dy, I'ny = Bo,)
b) = d
( ) § (/_)\004_ SEE— —A[y from N,
I‘T;Q y \g; === M, from N,
— =0.02 1
x =
=
2 O- T T T T 0'00- T T T T T
0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
asoc aSOC
000 025 050 075 100 125 1.50 0.00 025 050 075 100 125 150
A soc

aSOC



UNIVERSITY OF COPENHAGEN
= N

SPICE, Mainz 2025

Comparison with DFT results

* Comparison to FM moment identified in DFT:

Lowest order

M; linear

Py frx (K) invariant in SOC
2 . oL 1 ot N M., ao Ny M.

CQ[, Bg akr k.: + dltrykz s _[\r: j\[.”’ o E\/Yz j‘jm /

D'Zh B1g kn:ky X1 —/\-[.7: ‘l\'ry + 04211\[]/1\’7.7‘, v

Doy, | Bag ko k- artMyN. +asM.N, v/

D2h B3_q kyk': (03] A[zz\/r.r + Of’zj\[r,l\'rz v
alks — sz,) MiNy + MyN,,

Can| By + Bk, M,N, — M,N, X

Dun| Asy | kuk, (k2 — k.ﬁ) M,.N, — M,N, v

Dy, | By k2 — k:ﬁ M,.N, — M,N, X

Dyn| B2y kiky M.N, + MyN, X

Dag| Aoy | kuk- (ki — 3A¢ﬁ) M,N, — M,N, v

; akr_,,lcz(kj —3k3) | aM.N,(3NZ — N,j)
Con| By +Bhok. (k2 — 3k2)|+8M. N, (3N} — N2) X
kok, (k% — 3k2 o

Dep | A2y '>< (/]f'_; o 3 kf) )’) M.Ny, — MyN, v

Den|Biy| kyk-(3k2 —k2) | M.N,(3N2 — N2) X

Degy, | B2y ]\,l\,‘(kf — 3/&:3) ./\I:N;,,(Nf — 3N_3) X
kf(ki — k2) M, N,,,(N;f — N?)

On |Azg +k’.3(k§ - l\%) +M,N, (jv:? - l\r?) X

+k2 (k3 — k)

+M.N.(N? - N?
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Comparison with DFT results

 Comparison to FM moment identified in DFT:

> Sizable: RuUF, [Milivojevi¢ et al., 2D Mater. (2024)] —

Lowest order

M; linear

P Ly Jry (k) invariant in SOC

Cay, Bg ak.k. + ﬂkykz Z;%a:j\\gz, zjxy-jz\\gz v
z e z T

D?h B]g k'-.rkg, 1 ‘/\[7- .;\Ty — a‘zﬂ[y./\rm v

Day, | Bag k.k. artMyN. + a2 M. N, v

D2h B-'%g kl[k"’ ar M.N, + a2 M, N. v

alks — M.Ny, + MyN,,

Can| Ba | gy L M,N, — M,N, X

Dy | Ay | ks k,,(k" k;) M,.N, — M,N, v

Dyy | By k> A' M.N, — M,N, X

Dy, | Bag k ey M.N, + MyN, ) 4

D3y Agg klA;(kf — ‘3kj) M,N, — M,N, v
. akyk.(k; — 3kZ) | aM.N,(3N; — N;)

Con| By +Bkok. (k2 — 3k2) |+BM.N,(3N? — N2) X

kok, (k% — 3k .

Dﬁh 4429 '>< (lk(i _ 3/{% )J) l\[[f\!y - Ajyi\r;z: /

Dein |Bi,| kyk.(3k2 — L',,) M.N,(3N? — Nﬁ) X

Den|Bag| kuko(k2 —3k2) | M.N,(N2 - 3N2) X

ki (kg — L:’) M,.N,(N; — N?)

Op |Asy|  +kib(kZ—k2) | +M,N,(N2 - N2 X

+k2(k2 — k2) +M.N.(N? — N?)
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Comparison with DFT results

 Comparison to FM moment identified in DFT:

> Sizable:

0.25
0.20
~ 0.15
3
N 0.10
0.05
0.00

00 02 04 06 08 1.0
§

RUF, [Milivojevi¢ et al., 2D Mater. (2024)] ——

[Milivojevic et al.,
2D Mater. (2024)]

: Lowest order M; linear
Pl Jry (k) mvariant in SOC

aleI\4z, a2NyMz

Con| By | akoks + Bhyk: | 3 M., aaN. M. -7

Dsy, | By kexky a1 M, N, + as M, N, v

Doy, | Bag kok. a1 MyN. + aaM. N, v

D2h B.“I_q kyk':: (03] AI::]\/TJ: + GZ*A[FI\T: /

O(]ﬁ"f — Af/) A'Q[:r, JVy + j\'['yal\r;l‘a

Can | By + Bk, M,N, — M,N, X

Dan|Azy | Fok, (K2 — k2) M,N, — M,N, v

Dy | By k2 — k2 M,N., — M,N, X

Dy | Bag yky M,N, + MyN, b ¢

Daa|Asy| kok. (k2 — 3k2) M.N, — M,N, v
) akyk.(kZ = 3k%) | aM.N,(3N? — N2)

Con| Bo | | gge, k. (k2 3k2) |[+8M.N,(3N2 — N?) X

kyk, (k% — 3k
Den|Biy| kyk-(3k2 —k2) | M.N,(3N2 — N2) X
Doy |Bay| kuok.(k2 —3k3) | M.N.(NZ —3N7) X
kX (k2 —k2) M,N,.(N? - N?)

O |Asy | +kb(K2 — K2) +M,N,(N? — N2) X

+ki(k2 — k) | +M.N.(N? - N7)
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Comparison with DFT results

 Comparison to FM moment identified in DFT:

> Sizable:

0.25
0.20
~0.15
3
N 0.10
0.05
0.00

FeSb, [Mazin et al., PNAS (2021)]

00 02 04 06 08 1.0
3

[Milivojevic¢ et al.,
2D Mater. (2024)]

RuF, [Milivojevi¢ et al., 2D Mater. (2024)] —

»
>

Lowest order M; linear
Py Jry (k) invariant in SOC

a1 No M., ao N, M,

C2h Bg akxkz + lBkykz a3Nz A/Iy, a4Nz A/_[T /

Dy, Blg krky 23 MrNy s a2Mijr 4

Doy | Bag kok- artMyN. + aaM.N, v

D>y, | B3, ke ki artM.N; + asM,N. v

alksz — l\f,) M;Ny + MyN,,

Can| Bal Bk, M, N, — M,N, X

Dup| Aoy | kuky (k2 — k) M,N, — M,N, v

Dy, | By k2 — k2 M,N, — M,N, X

Dyp | B2g koky M.N, + MyN, b 4

Daq|Asy| kok. (ki — 3k3) M,N, — M,N, v
v akyk.(k; — 3k3) | aM.N,(3N7 — N7)

Con | By +Bkok. (k2 — 3k2)|+BM.N,(3N2 — N2) X

kyk, (k% — 3k _ .

D 6h 4‘429 . (Ilf'_ . 5 k" )J) ./\'L[;u l\ry - 17\[ yl\r;l: /

D¢y, |B1y| kyk- (3k2 k) M.N,(3N? — N; b 4

Den|Bag| kuk-(k2 —3Kk2) | M.N,(N2 - 3N?) X

A*(kl A:’) M,.N,(N; — N?)

Oy [Aszg +A,,(k2 k2) +M,N,(N? — N?) X

+k2 (k2 — k) +M.N.(NZ — N7)
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Comparison with DFT results

* Comparison to FM moment identified in DFT:

> Sizable:

0.25
0.20
~0.15
3
N 0.10
0.05
0.00

» Vanishing :

FeSb, [Mazin et al., PNAS (2021)]

00 02 04 06 08 10
3

[Milivojevi¢ et al.,
2D Mater. (2024)]

RUO, [Smejkal et al., Sci. Adv. (2020)]

RuUF, [Milivojevi¢ et al., 2D Mater. (2024)] ——

»

Lowest order

M; linear

L

P I Jry (k) invariant in SOC

aleJ\4z, a2Ny]\’{z

02}1, Bg akg;kz + ﬂkykz a3Nz A/_[,y’ a4Nz A/IT /

Doy, | By Wl a1 M, N, + as M, N, 4

Doy | B2g Kok artMyN. + asM.N, v

D?h B.’%g kykz 1 J\[':JVT + a‘zj\[.r,jvz v

a(kZ = k2) M,N, + M,N,,

Can| Bo | g ke M, N, — M,N, X

Dan|Azy | koky (k2 — E2) M,N, — M,N, v

Dy, |Bi, k2 — k2 M,.N, — M,N, X

Daq| A, | kok. (k2 — 3k2) M,N, — M,N, v
. ak,k. (k2 —3k2) | aM.N,(3N? — N2)

Con| Ba | 4 gpe, k. (k2 — 3k2)|+BM.N,.(3N? — N?) X

k.k, (k3 — 3k; oA

Degp, 44251 % (/]Ei o 3}1_.’2 )/) M.N, — M,N, v

Do |Biy| kyk-(3k2 —k2) | M.N,(3N2 — N2) X

Dey|Bog| kok:(k2 —3k2) | M.N.(N;—3N7) X

kE(k2 = kD) M, N, (N2 —N?)

On |Asg|  +ki(kZ —K2) +M,N,(N2 — N2) X

+hki(k2 — k) | +M.N.(N? - N2)
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Comparison with DFT results

 Comparison to FM moment identified in DFT:

» Sizable:

Lowest order

M; linear

RUF, [Milivojevi¢ et al., 2D Mater. (2024)] —— |Gy,
FeSb, [Mazin et al., PNAS (2021)]

0.25
0.20
~0.15
3
$0.10
0.05
0.00{ _®°

00 02 04 06 08 10

£

» Vanishing :

RUuO, [Smejkal et al., Sci. Adv. (2020)]
MnTe, CrSb

[Milivojevic et al.,
2D Mater. (2024)]

[Mazin, arXiv (2024)],
[Autieri et al., PRB (2025)]

+ki (k2 — k2)

+M.N.(N? — N?)

PN Jry (k) invariant in SOC
B, | ak:k. + Bkyk. asN. M, ayN. M, v
> | Doy, Blg k'rky (23 M”I:Ny + OlQMyN'I: v
Doy | B2y kiok- a1 MyN. + aa M. N, v
DZh B.‘%g kuk: oyt M. N, + 052]\‘[771’\?: v
, a:(/s'::ﬁ — l;tf M.N, + M,N,,
Ca|Bo| L Bhyk, M,N, — M,N, X
D | Asy | kuk, (k2 — kﬁ) M,N, — M,N, v
Dy | By k2 — k. M.N, — M,N, X
|D4h B2g ka:k'y A/IxNy — Mny X
D:3d Agg ko k- (Af — 3]&‘5) M., .Ny — quyxz\r‘lf Ve
, a:kr!,l:z(kfj —3kz) | aM.N,(3NZ — N;f)
Con| Bo | g ko (k2 — 312)|+80LN, (3N2 - N2)| ¥
kl:kz kf - ka T ;
Desp, AZg 'X (Il’fi _ 3/{'%)‘/) ./\'[;L'f\'y - 1‘1_:,/1\7_1:
— |Don |B1gy| kyk.(3kZ — k) M.N,(3N; — N;) X
Doy |Bag| kuok.(ki —3k;) | M.N,(N;—3N;) X
kf‘(kﬁ —kZ) M, N,,(Nj — N?)
Op |Asy | +Eb (K2 — K2 +M,N,(N? — N?) X
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Comparison with DFT results

 Comparison to FM moment identified in DFT:

» Sizable:

RuUF, [Milivojevi¢ et al., 2D Mater. (2024)] —

FeSb, [Mazin et al., PNAS (2021)]

0.25
0.20
~0.15
3
$0.10
0.05
0.001 ®°

00 02 04 06 08 10

» Vanishing :

£

MnTe, CrSb

[Milivojevic et al.,
2D Mater. (2024)]

RUuO, [Smejkal et al., Sci. Adv. (2020)]

»
>

>

[Mazin, arXiv (2024)],
[Autieri et al., PRB (2025)]

Lowest order M; linear
PN Jry (k) invariant in SOC
Con| By | akoks + Bhyk. Zi%”%l zjxyﬁi v
Dy, [ By kzky a1 M, Ny, + as M, N, 7
Dap | Bag kiok- a1 MyN. + aa M. N, v
Doy, B.‘-’;g ky/\‘z a1 M.N, +asM,.N. v
. (ks — k2 M,.N, + M,N.,,
Can| By £ 13/{:.17/;;,') MoN, — M:,Ny X
D | Asy | kuk, (k2 — kﬁ) M,N, — M,N, v
Dy, B1g k',') — ]‘i M,.N, — A[‘,,f\/‘y X
|Dar | B2g kY MyNy + MyN, X
D:3(1 Agg kok- (Lf — 3]&‘3) M., .Ny — 17\[yxz\rlf Ve
ool B a:k:!,lz:(kﬁ —3kz) | aM.N,(3NZ — N_;f) X
O P9 4 Bk (K2 — 3k2) | +BM. N, (3N2 — N2)
1 (12 a2
D(;h Azy lek(llk(gb 7__3 ,3? )U) M., .Ny - M -'JA’.L:
6 |Big| kyk.(3kZ — k) M.N,(3N; — N;) X
Dey|Boy| kok. (k2 —3k7) | M.N,(N2 —3N;) X
lc_’,*,(kf, —kZ) M, N,.(Nj — N?)
Op |Asy | +Eb (K2 — K2 +M,N,(N2 — N2) X
+k2 (k2 — k2) +M,N.(N2 — N2

* General table and agrees with DFT if the magnetic order is in the spin channel
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General validity: Quasi-symmetry

PHYSICAL REVIEW LETTERS 133, 026402 (2024)

Group Theory on Quasisymmetry and Protected Near Degeneracy

Jiayu Li,' Ao Zhang,' Yuntian Liu,' and Qihang Liu®"**’
lDepartmem‘ of Physics and Shenzhen Institute for Quantum Science and Engineering (SIQSE),

Southern University of Science and Technology, Shenzhen 518055, China Tetra gonal System

under shear strain

-~

Ty

= <I’,v|(_5xy)|d_\'~ )y =0
0
d,2(A)

-~ p(4)

.2

(dwl(_fxy)( . ))

See also: [Guo et al., Nat. Phys. (2022)]
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Quasi-symmetry enabled by SOC

* |s the result from the microscopic models general?
e Hamiltonian without SOC
H=cox+toxTs +toxTst 7. N - G > .Norrr.lal state: full spin-rotational
invariance

» Ordered state: spin space group
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Quasi-symmetry enabled by SOC

* |s the result from the microscopic models general?

e Hamiltonian without SOC

H =0k +tokTs +toxTs + N -G » Normal state: full spin-rotational

invariance
* Including all SOC components » Ordered state: spin space group
H=¢cox+texme+t,x7. +7.N -0 > Normal state: no pure spin-rotational
+TyAe kOx + TyAy kOy + TyAz kO invariance

» Ordered state: magnetic space group
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Quasi-symmetry enabled by SOC

Is the result from the microscopic models general?

Hamiltonian without SOC

H =eox +toxTo + trxTs+ N -G » Normal state: full spin-rotational

invariance
Including all SOC components » Ordered state: spin space group
H=¢cox+texme+t,x7. +7.N -0 > Normal state: no pure spin-rotational
+Ty Az kOz + TyAy kOy + Ty Az kO invariance

» Ordered state: magnetic space group
Single SOC component (linear SOC)

H=cox+ttexTa+t,x7- +7,N - & » Normal state: spin rotational invariance

Ty A kO +TB q _'_TE @ along one axis (uncoupled spin from
R i’ ) spatial rotations)

SOC-enabled quasi-symmetries
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Quasi-symmetry enabled by SOC

Quasi-symmetry protection of negligible FM

* Including one SOC component
H = €ok t t:z:,kT:c + tz,sz + Tzﬁ o

+TyAe KOz + TMy + TMZ

spin
CQ.I.'

(M.”IJ) My)

e SOC component
SOC-enabled

= quasi-symmetry

Magnetization (A7)
or Néel vector (¥)

M or N under
quasi-symmetry

(Mg, My) ~ (04, 0y)
(N, Ny) ~ (04, 0y)
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Quasi-symmetry protection of negligible FM

* Including one SOC component
H = €ok t t:z:,kTac + tz,sz + ’TZN i

+TyAe KOz + TMy + TMZ

 Consider the Landau coefficient

M,iseven | X\, -li lin
M.N o } = k-linear coupling
oY Ny isodd J not allowed

(MLL', My)

e SOC component
SOC-enabled

= quasi-symmetry

Magnetization ()
or Néel vector (¥)

M or N under
quasi-symmetry

(Mg, My) ~ (02, 0y)
(N, Ny) ~ (04, 0y)
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Quasi-symmetry enabled by SOC

SPICE, Mainz 2025

Quasi-symmetry protection of negligible FM

* Including one SOC component
H = €0k T tw,ka + tz,sz + Tzﬁ i

+TM¢B + Ty Ay k0oy + TMz

 Consider the Landau coefficient

M, iseven | X\, -li lin
M. N v } = k-linear coupling
oY Ny isodd J not allowed

(b)

(yspin

2y

e SOC component
SOC-enabled

quasi-symmetry

Magnetization (A7)
or Neéel vector (N)

M or N under
quasi-symmetry

(M, My) ~ (Ul‘vay)
(Ng, Ny) ~ 75(0,0y)
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Quasi-symmetry enabled by SOC

SPICE, Mainz 2025

Quasi-symmetry protection of negligible FM

* Including one SOC component

—

H = €0k T ta:,ka + tz,sz + 7, N - o

+TNG + TWEDy + Ty kO

 Consider the Landau coefficient

Myiseven | A\, i lin
M. N o } z k-linear coupling
oY Ny isodd J not allowed

Even under ("""
A2 k-linear coupling

M,N, — MyN,,,.}

(»,spin
"2y

e SOC component
SOC-enabled

= quasi-symmetry

Magnetization (M)
or Néel vector ()

M or N under
(uasi-syminetry

[(M$, My) ~ (o, oy))J

(Nwa Ny) ~ Tz(o':u Oy
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Quasi-symmetry enabled by SOC

Quasi-symmetry protection of negligible FM

* Including one SOC component

—

H = €0k T tac,kTas + tz,sz + 7, N - o

+TNG + TWEDy + Ty kO

(»,spin

"2y

 Consider the Landau coefficient

M N Ma: is even} )\m7k-|inear coup]ing (c) == SOC component
L i SOC-enabled
Y Nyisodd J notallowed — ey

Magnetization (M)
or Néel vector ()

My, =Mz) 57 or Nunder
quasi-symmetry

(Mg, My) ~ (0z,0y)
(N, Ny) ~ 7(02,0)

Even under (}""
M,N, — Mny}

A2 k-linear coupling

(M, M,

» Explains the size of FM moment and demonstrates that the microscopic model leads to
a general result!
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Outline of presentation

Minimal models for altermagnetism

® Construction of minimal models
® Altermagnetic susceptibility and stabilisation of altermagnetic order

® Landau free energy: effects of spin-orbit coupling.
® Anomalous Hall effect and weak ferromagnetism

Local signatures of altermagnetism

® | ocal markers of altermagnetism

Superconductivity and altermagnetism

® \What pairing states are preferred in altermagnetic metals?

Conclusions & Outlook
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Local signhatures of altermagnetism

HMM = €0.kT0 + tx,er + tz,krz + Tylk il + TZN - O

2D layer Wyckoff
groups positions T A
L7 (p112/a) 2a-2b Cxp2 0
L15 (p2;/m11) 2a-2b Cxp2 Sy Sy
L16 (p2/b11) 2a-2b Cy2 SxSy
L17 (p2,/b11) 2a-2b Cx2Cyp2 SxSy
L38 (pmaa) 2a-2b Cx2 0
L40 (pmam) 2a-2b Cxp2 xSy
L41 (pmma) 2a-2b Cxp2 0
) g =106V @ g L42 (pman) 2a-2b Cx2Cyp2 0
) L44 (pbam) 2a-2b Cx/2Cy2 SxSy
7~ "\ f‘ ﬁ L51 (p4/m) 2c CpaCyz Ta(Cx — €y) + 188y
i ] L61 (p4/mmm) 2c Cx/2Cy2 Cx — Gy
\ / L J L63 (p4/mbm) 2a Cx2Cy2 SxSy(Cx — ¢y)
L63 (p4/mbm) 2b Cx/2Cy2 SxSy
SL B SL A

J. Gondolf et al, PRB 111, 174436 (2025)
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Local signhatures of altermagnetism
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HMM = €0.kT0 + tx,er + tz,krz + Tylk il + TZN - O

(b) p=1.0eV (d)
|
J || U _J
SL B SL A

Type IV

2D layer Wyckoff
groups positions T A
L7 (p112/a) 2a-2b Cxp2 0
L15 (p2,/m11) 2a-2b Cxp2 Sy Sy
L16 (p2/b11) 2a-2b Cyp2 SxSy
L17 (p2,/b11) 2a-2b Cx/2Cy2 xSy
L38 (pmaa) 2a-2b Cx2 0
L40 (pmam) 2a-2b Cxp2 xSy
- o 0
L42 (pman) 2a-2b Cx2Cyp2 0 I
3% (pbam) 2a-2D Cx/2Cy)2 Sy
L51 (p4/m) 2c Cx/2Cy2 L1(Cx — Cy) + 108x8y
L61 (p4/mmm) 2c Cx/2Cy2 Cx — Gy
L63 (p4/mbm) 2a Cx2Cyp2 SxSy(Cx — ¢y)
L63 (p4/mbm) 2b Cx/2Cy2 SxSy

L. Bai et al, PRL 135, 036702 (2025) ...
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Local signhatures of altermagnetism

HMM = €0.kT0 — tx,ktx . tz,sz — Tylk - O . TZN -0

Local image of spin-splitting symmetry

* * T c N
t+4 3 | <
UP'S 1> 0.2
A ¢ %o
$38ee |2 [ a2 R 438
@& s
*00 N\ * 3 20 8®%e0
K 2 23 = -0.1 R 2 2 L 2
L &4 E ¢ 90
*o <02
’ <
- 195,
*o > 2% 22
t§“ z 53 $44
3 o |2 . 2222
1 |l ¢
R 3 904 Vo0
RS £ R *
= -0.1 *
94 § h4
1 = -0.2

SL B SL A 8Pc.asym (T, @) = 80, (r, w) — 8p; (ST, ®),
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Local signhatures of altermagnetism
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(b) p=1.0eV (d)
7
N\ 7

-
 J

SL B

HisL = €o0.x00 + Nt; xo;

(@) sp(r,w =0.15)(eV)  (B)dps(r,w=0.15)(eV?)  (C) 6p,(r,w =0.15) (eV )

-06 -04 -02 O 03 02 01 O 01 -03 -02 -01 O 01

E  w Eee  a Eee
1+ b [

2 SR SRR

4

Physics not correctly captured by one-band models
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Outline of presentation

Minimal models for altermagnetism

® Construction of minimal models
® Altermagnetic susceptibility and stabilisation of altermagnetic order

® Landau free energy: effects of spin-orbit coupling.
® Anomalous Hall effect and weak ferromagnetism

Local signatures of altermagnetism

® | ocal markers of altermagnetism

Superconductivity and altermagnetism

® \What pairing states are preferred in altermagnetic metals?

Conclusions & Outlook
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HMM = EO,kTO — tx,ktx — tz,ktz — Tykk e — TZN .0

0os T 1 K iy
Hind = =5 2 ChskCls,—kChs, K Chok’ Christian
sk, k’ Mats
Rasmussen
Barkman
(a)
B
A
—

T T 1 1 | I B T T
I X M I -2 0 7 -5 0 7 -5 0 5
2]%2 2kx2 ka2

C. L. H.

Rasmussen et al, ArXiv:2509.03247
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Superconductivity and altermagnetism
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HMM = 80,kt0 — tx,ktx — tz,ktz — ‘C},A.k . O — TZN .0

2
90’,k

sin =
2

—Z ol et c c /
N T,S,k J,,S,—k J,,S,—k T,S,k
s,k k’
lox Mok )\ [CoAKk
- *
—Msx lok Co,B.k
lo x = cos box
ok — )
’ 2
My k = e sin ok
k —
7Tt 2

tz,k +oN

1
— . J1+
\/5\/ \/lt:c,k|2 + (tz,k + O'N)z

_1 tz,k_*_O-N

—— 1=
V2 Vltzxl? + (tzx + oN)?

Rewrite interaction via sublattice-
to-band transformation.
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Superconductivity and altermagnetism

HMM = 80,kt0 — tx,ktx — tZ,ktZ — ‘C},A.k . O — TZN .0

Vv
oS _ T T
Hillt - T AT CT,S,kCl,S,—kCJﬂS,_kICT’S’kI

doax) _ [ lox Mok (Coak
do,p Xk —Mgx lox ) \Co,BK
[ (el ly,—idy, 1 + mpgemigomy —xem] ) di o dyaged] o ydya,-x

+ (m e o ey, -+ byl il -x) di gy saed] 5 iy g,k
+ (I mp ey, —kmy -+ mpdpgomy, iy, i) db o drsied] o dyp—x
+ (m)T,le’k,mI’_kl‘l”—k, + lT’km$9k,l¢’_ka7_k,) d$1ﬁ,de’a’k,dI,IBa_deﬂa,_k’] + H'C

Inherent momentum-dependent gaps
from sublattice-to-band transformation.
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Superconductivity and altermagnetism
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HOS | _ Ex  Ag
Bic = \Ax _£ )7

(F %)
0 AZ)°

( g Aﬁ,k)
Al 0
.

%wlnk - _N I:lT,kl‘L,—k Z lTak,lJr’_kl <d¢aaa_k,dTaa’k,>
kl

+mygemy kY miem] e {dy a1 dt )
kl

Uy, —i Y Moy, {dy - dy g )
kl

+mppmy ke Y Il ke (dy g, dy g )]
kl

I

E:(E 0) Aw

. EX 0 .
Ep = ( o, ) , A
k 0 Ei\,k

x>
I

Inherent momentum-dependent gaps
from sublattice-to-band transformation.
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IR B

Matrix elements and superconducting gaps

O —
M’ Y M
(a (b) e—
% -
20 - r X
_% -
|| 1 1
(c (d)
2 1 7
;30 -
_x 1 \_J
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Superconductivity and altermagnetism

Blocking effect!

i,k = ) ey ge eV e
o Ul m— R
M’ Y M
0.00 - r X
—0.05
—

(d)

r Yy M r
—A,t =—A4,} ===B,t ===B,]

I
NI
O -
ISIER

o
8

Sublattice and spin-resolved weights on the band.

C. L. H. Rasmussen et al, ArXiv:2509.03247
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Superconductivity and altermagnetism

iy iy NN
lhxly,—x = cyne e ikym Hiye = —+ Z View k’sscT,s kC,L,s, kCl,5,—k/Ct,s,k’
v,m s,k k’
0.05 _Amax D Arnax
(a)
0.00 s
2
<0
—0.05 —g
(d) ,
= ] ‘? )
2
<0 -
—5 (- J
T T I6 I.§l || | 1 1 | 1
T X M T T Y M T —%k(:)% —%IS% _%IS%
—A, ] —A,] ===B,1 === r * *

Sublattice and spin-resolved weights on the band.
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Superconductivity and altermagnetism

| —ikgv —ik NN t
lhxly,—x = cype e Hine = N E , kk’sscT,s k€|,5,—kCl,5,— k' Ct,s,k’

v,m Skk

0.05

0.00

—0.05

r X M r r Yy M r
—Af =——A,} ===B,} ===B,|

Sublattice and spin-resolved weights on the band.
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Equal-spin triplet

superconductivity

arises from NNN
bonds!

Degenerate triplet states

(Petip) [ 11)+(pexip)| L 1)

Re(d,) Tm(d,) Re(d,) Tm(d,)

=
H=sil=

C. L. H. Rasmussen et al, ArXiv:2509.03247
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Conclusions
1. We have constructed versatile classes of minimal models for altermagnetic
materials.
2. We have analysed the interplay between magnetisation and Néel order and

derived the allowed lowest-order invariants.

3. There exists a general underlying quasi-symmetry enabled by SOC that
constrains the size of the induced FM moment for different altermagnetic
symmetries.
4, Conclusions from realistic microscopic models: only antisymmetric

combinations are generated linear in SOC.

5. There exists clear local signatures of altermagnetism relevant for future STM 1
measurements + general physics of 2D layer groups. (POSTER)

6. There exists a rich interplay between altermagnetism and unconventional
' superconductivity. (POSTER)




