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Outline

» Lecture I: Spin group theory

- From magnetic group to spin group

- Spin point groups and spin space groups.

- Enumeration and representation of spin groups.

- Classification of magnetic order using spin space groups.

» Lecture II: Unconventional magnetism

- Introduction: conventional magnets and spintronics.

- Unconventional magnetism: spin-split AFM and anomalous Hall AFM.

- Other facets: topological magnons, quantum geometry, multiferroicity, etc.
- Prediction of new magnetic structures
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Lecture I: Spin group theory

> Introduction

* Magnetic groups and spin groups

» Theories of spin groups
* Group extension
* Enumeration of spin groups

* Representation of spin groups

» Classification of magnetic orders

* Dichotomy of ferromagnets/antiferromagnets
* Unifying spin group and magnetic group

* FINDSPINGROUP



Symmetry is the kernel of physics

“I believe what characterizes 20th-century physics, So
as to distinguish it from the flavor of physics in past centuries,
are three concepts: Quantization, phase factor, and

- C. N. YANG, in Hong Kong University (2000)
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“It is only slightly overstating the case to say that
physics is the study of 7
- Philip Anderson, Nobel Laureate (1977)

The connection is Group Theory !




Group theory in condensed matter physics

o Energy degeneracy
: o Selection rule
dictate o Physical responses
o Topological classification
@
New quasiparticles Symmetry indicator Linear response

Space group

l Symmetry analysis Crystal system Point group x©
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[ GeAneral ) ] [ Material-specific ] X3 X3 X33
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* Linear expansion 0 xp 0
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Nature 547, 298 (2017)
Nat. Phys. 15, 470 (2019)

Science 353, 558 (2016)

PRB 95, 014403 (2017)



Wisdom of symmetry description for crystals
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Time reversal = spin reversal
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Time reversal

1'
Time reversal = Spin reversal ¢ .

Electrical dipole (Polar vector) Magnetic dipole (Axial vector)

—to <3




Symmetry Theory of Magnetism: Overview

Landau Phase Transition Theory Magnetic Group

Symmetry breaking: Spin SU(2) + Time-Reversal Finer description: Lattice Symmetry

1 Magnetic Structure 2 Magnetic Excitations 3 Physical Properties
Representation Theory Symmetry-Protected Modes Allowed / Forbidden + Topology
* Enumerate all possible magnetic * Broken SU(2) — gapless « Dzyaloshinskii-Moriya
phases Goldstone magnons interaction, anomalous Hall effect
* Neutron diffraction experiments « Magnetic group protected « Magnetic topological quantum
magnon modes chemistry

However, magnetic groups face fundamental bottlenecks 1n all these applications ...




Magnetic group: Binary spin operation

» Crystallographic group operations: C,, P. M

n )

» Magnetic group operations: C,, P M, C, T, PT, MT

‘ What does C, mean in a magnetic group? ‘

C, for lattice only C, for lattice & spin
‘ *
* ‘

By each definition, you can get a “magnetic group” anyway...

10



Shubnikov group vs. Magnetic group

" /’\*} - C, for lattice only C, for lattice & spin

"EEEE
—RINRY

Shubnikov group Magnetic group

—— 1
o e
>

L. Landau

Can magnetic group describe the magnetic geometry completely?



How to define and classify FM/AFM?

Ferromagnet (FM) Antiferromagnet (AFM)

Ferrimagnetism
(Compensated ferrimagnetism)

Antiferromagnetism

12



Classification of magnetism is based on geometry

“In AFM, two (or more) magnetic sublattices
are crystallographically equivalent™.

L. Néel, Ann. Phys. (Paris, Fr.) 3, 137 (1948)

Phenomenologically, but rooted in symmetry!

M = () enforced by symmetry !

Which symmetry?

13



Magnetic group is insufficient to distinguish FM/AFM

/ ) MSG: Cm'cm’
bt 4

I

O
e
c<—I O
LaMnSi, CalrO, Mn;Ge

KCollinear FM Collinear AFM Coplanar AFM /

=o=H=o=—=o=>
=(D=> «O= =




Let’s use two rotation operators

Solution: separate spin and lattice rotations

¥

Spin group

Lattice C, + Spin C, rotation

¢
SO3) x {E,T} x G, * ‘

t Is g 3 2145




Separated spin & lattice operation

Spin group: All spin symmetry { Js || gR} that leaves the magnetic structure invariant.

{95]lgr} = (Um(0), TUR(0)]1C,(6), 1C,(6)} {9s]|lgr}S(r) = gsS(gr~7)
Pure lattice operation Spin group operation Pure spin operation
(Ellgr} 195l gr} {gsIIE}

Spins & atoms can

Only atoms transform transform differently

Only spins transform

Nontrivial spin group Spin-only group
G = Gns X Gso 16



Spin group can completely describe magnetic geometry

¢ +
X

Consider an AFM
spin arrangement

$?,
$? 4§
be 44

Lattice C, rotation Lattice C, + Spin C,
(spin group) rotation (spin group)

17



Another way to consider: symmetry of Hamiltonian

SOC

Magnetic order

?

Non-magnetic | Magnetic
w/o SOC w/o SOC
N e
. - - Vs /ﬁz
ﬁ=p—+V(?) H=%+V(r)+5(r)-o
2m
Space group
1] t
Non-magnetic v I Magnetic
w/ SOC w/ SOC
= AN - ~
= N < -
5P AU PO SN | T s (h) o
H= — V(@) + Iy (W@ xp)-e |H= o V(@) + 2oz (V@) xp) -0+ S -0

Double space group

Magnetic double space group

Magnetic order

P. Liu, ...

, X. Wan*, QL*, PRX 12, 021016 (2022)

SOC

18



How to describe the symmetry of a crystal

Magnetic-ordered crystals

p(n _ M . f
> ﬂ - j
Q- - v
@% —

Electron density (scalar ficld) spin arrangement (axial vector field)

19



Symmetry of magnetic and SOC Hamiltonian

(W) xP) -6 +SGF) -6

2m?2c?

+V(#) +SF) -6

1 _
(95196} (s OV %)) )™

1 N AN AN
= o age (grVV(gr™'F) X grP) - 950
1 R ~
2m2c2 gR(VV(r) X p) " gs0O
| = Y9s = 9r
(VW(F) xp)-o

2m?2c?

Spin rotation gs should be equal to spatial rotation gp

{QSHQR}S(?‘) . 3{95“912}_1
= S(gr~ ') - gs~to
= gsS(gr~'1) - @

=S(#)-o = gsS(gr™'1) = S(7)

Spin rotation gs should be an integer multiple of

spatial rotation gp

Magnetic group
Each spatial rotation attached to ONE spin rotation

Spin group
Each spatial rotation allows MULTIPLE spin rotations

20



Locking between lattice & spin degrees of freedom

Magnetic order

?
Non-magnetic | Magnetic
w/o SOC w/o SOC
Spin space group
Lattice & Spin Lattice & Spin
completely unlocked PARTIALLY unlocked !
SOC SOC
tl t
Non-magnetic v | Magnetic
w/ SOC w/ SOC
Lattice & Spin Lattice & Spin
completely locked completely locked

Magnetic order



New insight of symmetry description for magnetic crystals

Magnetic order:

| Spin point/space groups

Symmetry
breaking

If spin can feel lattice:

Magnetic point/space groups

Spin osroup describes geometry
Magnetic group describes SOC

22



Original works about spin group theories

1830 1890 1950 1960 2022 Nl
. Spin group theories 7;&;4\}: s
Spln sroups O start exploding - AN

» Geometry (1963): More “colors” are needed to completely

describe the magnetic symmetry.
V. E. Naish, Izv. Akad. Nauk SSSR, Ser. Fiz. 27, 1496 (1963).

» Hamiltonian (1966): Multiple-fold degeneracies of spin wave

spectrum require an enhanced symmetry group called “spin group”,

which consider spin rotation and spatial rotation separately.
W. F. Brinkman and R. J. Elliott, J. Appl. Phys. 37, 1457 (1966); Proc. R. Soc. A 294, 343 (1966).

» Structure (1974): The spin group is the symmetry group that leaves
the magnetic structure invariant, which can be expressed as
G = GNS X GSO

Nontrivial spin group  Spin-only group

W. Brinkman E. Elliott

D. B. Litvin

598 spin point groups

D. B. Litvin and W. Opechowski, Physica 76, 538 (1974); D. B. Litvin, Acta Crystallogr. A 33, 279 (1977)

23



New development of spin group theories

» Spin point groups for specific magnetic configuration?
PRX 12, 021016 (2022)

» Enumeration of spin space groups?
PRX 14, 031038 (2024)

» Representation theory of spin space groups?

Collinear: Nature 640, 349 (2025)
Noncollinear: PRX 14, 031038 (2024)

» Unifying SSG and MSG?
Oriented spin space groups: Nature 652, 869 (2026)

( . 4
| 1 :
\ - / \ W
w —— 4
‘ st - /
i

Pengfei Liu Xiaobing Chen Yuntian Liu

» Parallel works on spin group theory:
P. McClarty’s group: PRB 105, 064430 (2022), SciPost Phys. 18, 109 (2025)

L. Smejkal et al.: PRX 12, 031042 (2022)

R. Arita’s group: Acta Cryst. A80, 94 (2024), PRB 109, 094438 (2024)

Z.-X. Liu and C. Fang’s group: PRX 14, 031039 (2024), Nat. Commun. 15, 10203 (2024)

Z. Song’s group: PRX 14, 031037 (2024) 24



Lecture I: Spin group theory

>

» Theories of spin groups
* Group extension
* Enumeration of spin groups

* Representation of spin groups

25



Group extension methods

A) Typel: G, =H
@ O> o P Type Il: G, = H + PH
Ty OB - %/ o Type 1I: G;;; = H + PAH
o % P: inversion, A: rotation

Type I point group (11)

Point group (32)

Wallpaper group (17) Layer group (80)

(Y b

Axial Vector
— /
N 4 4
Point group (32) Antisymmetry Magnetic point group (122)

Dichromatic extension 2%



Magnetic point group

Type I (32): Colorless group G
Type 11 (32): Grey group G+TG
Type 111 (58): “black-white” group H + T(G - H)

Constructive lemma: 7he magnetic groups derived from the
crystallographic group G can be constructed considering the index 2
subgroups H of G as constituting the "unprimed" elements and the rest of
operators, G—H, those that are multiplied by the time reversal operator.

27



Magnetic group: Dichromatic extension

Magnetic point group (32 + 32 + 58 =122)
1. Take a nonmagnetic crystallographic point group G,
2. Find a halves normal subgroup H,

3. Construct the type-III magnetic group {H,T(G — H)}.

_ + —~
G = 4mm {1,4501, 4001 2001, M100, M110, Mo10 M1-10}
+ —_
H=4 11,4001, 4001, 2001}

+ — / / / /
M = 4m'm’ 11,4001, 4001, 2001, M100, M110, Mo10 M1—10}

28



Spin group: Polychromatic extension

Nontrivial spin point group (598)

1.

Take a nonmagnetic crystallographic point group G.

2. Find all normal subgroups L 2 G
3.
4

Determine the quotient group G /L = {g4L, ..., gL}

. Find a point group (a subgroup of the spin-part operations SO(3)RZ.))

that is isomorphic to G /L, denoted as G° = {g7, ..., g5}
Choose an isomorphism relation ¢: g; — g;L, then we have a nontrivial
spin point group:

Gnsp = {971191L3- .. +{gnl|gnL}

Deduplication of nontrivial spin point group using normalizer:

da € No(3)(G) X No3(G*): a *Gyspa = Gisp

29



Nontrivial spin point group: Derivation

2. Find all normal subgroups L 2 G

Definition: A subgroup L of a group G i1s called a normal subgroup of G if it is invariant under conjugation.
For all operation g € G, the left and right cosets gL and Lg are equal.

3. Determine the quotient group ¢/L = {g,L, ..., g, L}

Forexample: G =32 {1,3%,1, 3001 2100 2010» 2110} gL=Lg?

subgroup of G: 1 {1} yes
2 {1,200} no
3 {1,3%01, 3001} yes
32 {1,3801, 3001 2100 2010: 2110} yes
Results: G L G/L
32 1 32
3 2
32 1

30



Nontrivial spin point group: Derivation

4. Find a point group (a subgroup of the spin-part operations SO(3)®Z.)
that is isomorphic to G /L, denoted as G° = {g}, ..., g5 }.

G L G/L G*®
32 1 32 32
3m

3 2 2

m

—1

32 1 1




Nontrivial spin point group: Derivation

5. Choose an isomorphism relation @: g; — g;L, then we have a
nontrivial spin point group

Gnsp = 191 1191L}+. .. +{gnllgnL}

G L G/L G> Gnsp
32 1 32 32 3801321007
3m 38013™M1007
3 2 2 1320012
m 13™Mo012
-1 13-12
32 1 1 1312

D. B. Litvin, Acta Crystallogr. A 33, 279 (1977)
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Spin-only groups for collinear and coplanar configurations

Coplanar: Ggo = ZX¥ mq Collinear: Ggo = SO(2) x ZX  ©mq
Z¥ = ({E||E}, {TU,(m)||E}} S0(2) = ({E|IEL{U(P)IIE}}, ¢ € [0, 2m)

Spin rotation

m; ;];(n) T q) q} CD U, (1) - TO
& 8. b

U,,(m): two-fold rotation about any axis perpendicular to spin axis

P. Liu, ..., X. Wan*, QL* et al. PRX 12, 021016 (2022) 33




Symbol of Spin Space Group (Chen-Liu symbol)

{1]Imoo1} {1]Im110}
1 2 1 com
P’4 / m “m m 1
12001114001} 12100!IM100} {Moo1![1}
Superscript:

Spin space point group operations

Subscript:
real space point/space group operations

X.Chen,..., Q. Liu*, PRX 14, 031038 (2024) 34




Symmetry hierarchy from spin to magnetic point groups

Nonmagnetic/paramagnetic
Gpo ® SO3) ® Z3 (32)

Noncoplanar
Gpsp (598)
+SOC  +MO
Type—II m Spin pomt group ] Coplanar
G, ® 2] (32) ) Greps 25 (253)
+MO  +SOC
Type-1 Collinear
Gp(32) Gnsp X (SO(2) % ZX) (90)
[Magnetlc point group]
Type-III

H + T(G, — H) (58)

P. Liu, ..., X. Wan*, QL* et al. PRX 12, 021016 (2022)




Anomalous Hall effect: time-reversal breaking vs. spin-group breaking

l MagneyfC order )
- My Double Group gx » | Magnetic Group

24 .4 T breaking

- +

Spin-group breakmg g D \/

Empirical law:
Pxy = PuM, ——
g Q. Liu, Physics 18, 127 (2025)

VIEWPOINT

ESOC < Eexchange

Rethinking the Anomalous Hall Effect: A

SOC expansion : multipolar anisotropy Symmetry Revolution

M; M;M, M
—I— O . x . —I— coe thang Liu
pl] l] k£ ] k ‘g Department of Physics, Southern University of Science and Technology, Shenzhen, China

/ \ at T L
dipole octupole T,iwg’ @

Hﬂ ikl g

Z. Liu, Y. Gao, Q. Niu et al. PRX 15, 031006 (2025)



Enumeration of spin space groups

Nontrivial spin space group (infinite in principle)

1.

Take a nonmagnetic crystallographic space group G (including cell expansion).

. Find all normal subgroups Ly 2 G,

2
3.
4

Determine the quotient group Go/Ly = {g1Lg, -++» GnLo}

. Find a point group (a subgroup of the spin-part operations SO(3) ®Z.) that is isomorphic to

Go/Lg, denoted as G° = {g73, ..., g5}

Choose an isomorphism relation @: g5 — g, Lo, then we have a nontrivial spin space group:

Gnss = {91 1191Lo}+. .. H{gnllgnLlo}

Deduplication of nontrivial spin space group using chirality-preserved affine normalizer:

da € [N+ (L) N N4+ (G)] X N3y (G®): a~1Gyspa = Gsp

37



Constructing spin space group: spiral AFM CeAuAl,

{4501]1111/2,1/2,1/4)

Notation: (99.107.4.1)
Pl4almim*o01(1/2 1/2 1/4)™

64 operations

Go = I4mm (No. 107) Lo = PAmm (No. 99)

Cell expansion i, = 4 Sublattice group

MSG: P4, (76.10) 8 operations

38



Enumeration of spin space groups

Crystallographic Crystal system t-type k-type g-type Total

space group G,

Triclinic (2) 5 25 30 60
Monoclinic (13) 148 666 3005 3819
Cell ?xzags'on Orthorhombic (59) 2685 3987 54457 61129
ly =

Tetragonal (68) 3752 1456 28311 33519

Find a normal subgroup L,, the quotient Trigonal (25) 270 271 2090 2637

group Go/Lo = {g1Lo, -, gnLo} Hexagonal (27) 1128 243 6720 8091

! Cubic (36) 517 84 538 1139

Find a point group for spin space

isomorphic to Gy /Lo, Giiss = (g5, » g5} Total (230) 8505 6738 95151 110394

|

Choose a mapping ¢: g; = g1L 1 1 t 1 f ,\4_
! SEANWAY
nontrivial group \

Gnss = {91 11g1Lo} ... +{gnllgnLo}
Nes _ AHa151 0 . Collinear (1421) Coplanar (18250)
Gy = 7K x S0(2) Gip = Z¥

X.Chen,..., Q. Liu*, PRX 14, 031038 (2024)




Enumeration of collinear spin space groups

Col FM/FIM AEM
t t . 1
T &Y FroegT
¢ ; 8 2 X ; + (TIIA}
5.0 o & CLspin space group (1421) Fropdi
? ' p@ I Gyss X Z5 < SO(2) Oc---0
i )‘”O \ GT
! ) o
CL FM (230) CLAFM (1191)
Gyss = {E||G} Gyss = {E||Gr} + {Up (1) ||AG:}
1 | v v
Type-ll Type-IV Type-lll
Type-l
(?30) (252) (517) (422)
A=P A=1 A = others
EM/EIM PTAFM UTAFM | kajtermagnet”

Spin degen.| | Spin degen.

X.Chen,..., Q. Liu*, Nature 640, 349 (2025)

Collinear SSG (1421)
230

517 FM
PT AFM
Altermagnet
Ut AFM

252

422

Collinear magnets (1224)

63
146
FM
FiM
586
296 PT AFM
Altermagnet

Ut AFM

203

40



Altermagnetism: Collinear spin-split AFM

Spin-degenerate Spin-split collinear AFM
collinecar AFM (Altermagnets)

« %

Energy
Energy
Energy

Kx

K k, K

Early works: JSPJ 88, 123702 (2019); PRB 102, 014422 (2020); Sci. Adv. 6, eaaz8809 (2020) ...
Theory: Smekjal et al. PRX 12, 031042 (2022); PRX 12, 040501 (2022)...
Experiment: Krempasky et al. Nature 626, 517 (2024); Lee et al. PRL 132, 036702 (2024)...

41



Band representations for noncollinear SSGs

Space groups Magnetic space groups

little group: G, = {g € Gilgk = k} Dimmock-Wheeler sum rule:
(anti-unitary elements)
(

g Type (a) no

z x(B?) ={—g Type(b) double

BEAG \ 0 Type(c) double

if G 1s a symmorphic SG or
G, 1s a symmorphic group or
k lies 1nside the first BZ — point group

otherwise — central extension

Regular representation contains all the inequivalent 1rreps of G

C. J. Bradley, A. P. Cracknell. The Mathematica theory of symmetry in solids (1972)

42



Band representations for noncollinear SSGs

complete set of commuting operators (CSCO)

csco: {j3,],} quantum state: |}, mj) S0(3) o S0(2)
T2\ . G+ 1N,
(fz> o) = ( m; ) )
Step 1: CSCO-I C — irrep space C: class operator of G
Step 2: CSCO-1I (C, C(s)) — label irrep space C(s): canonical subgroup chain of G
Step 3: CSCO-III (C ,C(s),C (s)) — irreducible basis  C(s): canonical subgroup chain of intrinsic group G
1X1 b @ j=0 1x1— @ j=0
2x2
Nk XNk 4x4
2x2
® o ®
j=1/2 m;=+1/2 j=1/2 my=+1/2
Nc = 2 ﬁl} =1

X.Chen,..., Q. Liu*, PRX 14, 031038 (2024) J. Q. Chen, et al., Rev. Mod. Phys. 57, 211 (1985) 43




Band representation for collinear SSGs

ColFMFIM  GEM = (£||G} X G, c%;n AFM
éﬁ? ? {? Gisa' = ({E]G} + {Un(MIAG}) X G é%o Oéc}
@éT)C Oéqp Gso=75 % S0(2),Z5 = {E||E}{TU,(m)||E}] ¢ A ¢

New symmetry: SO(2), {TU,, (1) |E},{Up (1) [[A}, {T | A}

i

Multiple-fold degeneracies of spin wave spectrum require

an enhanced symmetry group called “spin group”,

W. F. Brinkman and R. J. Elliott, J. Appl. Phys. 37, 1457 (1966); Proc. R. Soc. A 294, 343 (1966).

44



Collinear PT AFM: Cu,;TeOq

Cubic + Collinear Space group :Ia3 (Cubic)
Magnetic space group: R3’ (Rhombohedral)

Spin space group: I1a13°™1 (Cubic)

Energy (meV)

v" Six-fold degenerate points at I', H
v" Dirac magnons at I', P
v Doubly-degenerate at arbitrary k

Yao, et al. Nat. Phys. 14, 1011 (2018)
Bao, et al. Nat. Commun. 9, 2591 (2018)

Magnetic space group Spin space group 19.0
R3’ 1ta13>°™m1

Band rep 2A 1 G (12) ASTG(12) <
I (0,0,0) AT, (1) + 4T,T5(2) [5(2) + [ST5 (4)+T5(6) iEJ, o
H(0,1,0) 4H,(1) + 4H,H5(2) 2H3 (6) =
N (1/2,1/2,0) 12N, (1) 3N$(2) + 3N$(2) o
P(1/2,1/2,1/2) 4P, (1) + 4P,P;(2) PS(4) +P5(4) + P (4) -
GP (u, v, W) 12GP,(1) 6GPS (2) 15.0F

X. Chen ..., QL* et al. Nature 640, 349 (2025)




Lecture I: Spin group theory

» Classification of magnetic orders
* Dichotomy of ferromagnets/antiferromagnets
* Unifying spin group and magnetic group

* FINDSPINGROUP

46



Applications of spin group theory

1) Classification of magnetic orders
Nature 652, 869 (2026)

2) Unconventional magnetism
Overview: Nat. Phys. 21, 329 (2025); arX1v:2603.27505 (2026)
Spin splitting: Nature 626, 523 (2024)
Topological magnons: Nature 640, 349 (2025)
Quantum geometry: Nat. Commun. 16, 4882 (2025)
Multiferroicity: PRL 134, 106802 (2025); PRL 135, 056801 (2025)

3) Prediction of magnetic configurations
arXiv:2512.21672 (2025)

47



Classification of magnetism is based on geometry

“In AFM, two (or more) magnetic sublattices are

crystallographically equivalent”.

L. Néel, Ann. Phys. (Paris, Fr.) 3, 137 (1948)

M = () enforced by symmetry !

Separate spin and lattice rotations

Spin group symmetry

completely describe magnetic geometry

48



Rigorous classification of FM/AFM based on geometry

/ MSG: Cm'cm'’

O
LaMnSi, *i CalrO, % o E o 1’?

O
b . o : o
; [+
Collinear FM Collinear AFM
K SSG: Clmlcim®™ SSG: ClmlicIm®™1

Coplanar AFM

SSG: P30016, /1m2i00m2n/3c ] /

Y. Liu, X. Chen ..., QL* et al. Nature 652, 869 (2026)

49



Rigorous classification of FM/AFM based on geometry

‘ Criteria: The polarity of spin-space point groups Pgyin: 19s} ‘

FM: SSG allows nonzero Mg —>  polar Pg,;p,

AFM: SSG enforces zero Mg ———  non-polar Pg,;,,

(o)
.8
LaMnSi, % ﬁ CalrO
o ar3ﬁ$o£¢{?
© .0
X 4
<_I o L. n
SSG: C'mlc'm™™1 Clmicim*®™m1 P30016, /1m2100m2n/3c M
Pspin: com (Polar) co/mm (non-polar) 62m (nonpolar)
FM AFM AFM

50



Finer classification of AFM orders

‘ Spin translation group 7, 19s || E| T}: Describing propagations

Order of Tspin (ix)

Non-Polar P,

(point group of Tpip)

ARMtEes Spin geometry Materials

_( 1 ]_[ Prlmary

CuMnAs

AFM 2 H

Bi-color
1.2, m

Polar P,

Multi-axial
222,2mm,
mmm,2n/m

S1



Magnetic classification in MAGNDATA

Primary AFM Bi-color AFM
!-;13 https://cryst.ehu.es/magndata/ 660 (32.0%) 857 (41.5%)

UPV EHU

bilbao crystallographic server
AFM geometry

B-IncStrDB A The Bilbao Incommensurate Crystal Structures Database
MAGNDATA A A collection of magnetic structures with portable cif-type files
Loagglg?;cal The Topological Materials Database
2000+ magnetic structures with FM geometry

neutron scattering measurements

Multi-axial AFMJ L Spiral AFM

Samuel V. Gallego, J. !\/Iapuel Perez-Mgto. Luis Elcoro, Emre S. Tasgi. 45 2 20/0 24 (1 20/0)
Robert M. Hanson, Koichi Momma, Moais |. Aroyo and Gotzon Madariaga
J. Appl. Cryst. (2016). 49, 1750-1776
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https://cryst.ehu.es/magndata/papers/Perez-Mato_2016_JAC_comm.pdf
https://cryst.ehu.es/magndata/papers/Perez-Mato_2016_JAC_comm.pdf
https://cryst.ehu.es/magndata/papers/Perez-Mato_2016_JAC_comm.pdf
https://cryst.ehu.es/magndata/papers/Perez-Mato_2016_JAC_comm.pdf
https://cryst.ehu.es/magndata/papers/Perez-Mato_2016_JAC_comm.pdf
https://cryst.ehu.es/magndata/papers/Perez-Mato_2016_JAC_comm.pdf
https://cryst.ehu.es/magndata/papers/Perez-Mato_2016_JAC_comm.pdf
https://cryst.ehu.es/magndata/papers/Perez-Mato_2016_JAC_comm.pdf
https://cryst.ehu.es/magndata/papers/Perez-Mato_2016_JAC_comm.pdf
https://cryst.ehu.es/magndata/papers/Perez-Mato_2016_JAC_comm.pdf

Role of magnetic group: Spin-orbit magnetism

AFM FM/FIM
SSG-enforced M =0 SSG-enfgliged M =0
1379 (67%) 207 (10%) 479 (23%)
MSG-enforced SOC-induced
M=0 M+*0

3

Spin-orbit magnetism: canting AFM, weak FM, anomalous Hall,
Nernst, magneto-optical Kerr effects, etc.

Y. Liu, X. Chen ..., QL* et al. Nature 652, 869 (2026)




How to unify SSG (exchange) and MSG (SOC)?

Mn,;Sn
[001] Spin group describes geometry
Magnetic group describes SOC
[100] [010]
SSG: P3 65/ m*m%c™1 MSG: Cmc'm'
[sotropic exchange SOC Anisotropic SOC
(R — .
! ’ VAR \'.*' Symmetry breaking path? ‘

’,
4 AN 4 \
/ 1 / \
I  N— 1
\ by ~ ]
\ J
\\\\\ l \~——,
\
\
\\

‘ The information of spin orientation! ‘
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SSG + MSG = Oriented spin space group (OSSG)

t\—°rb't °°Upl

'i."‘.\ . o“e to map y f
Isotroplc exchange Amsotroplc SOC

- ¥ (7]
%% NG
2 Q&
e % 2° N
Q°e®¢ -— ?3(\00

I/ \ \0\
I \
1
L , OSSG
~ -— / .
\ [sotropic exchange +

Spin orientation 1n real space

OSSG completes the underlying symmetry logic of magnetism |
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Correspondence between OSSG and MSG for Mn;Sn

OSSG generators

'\"/S\""\ t I of {—6301116601}> {Moo1llmoo1} -
(>__>\_'{:;: " ? {mgyo1]|1}, {my10llma10}, {1]]—1}
(\ :'\‘ i\(‘f :"' ([)Zr:eogtafbrn

e MSG generators
P36,/ 'm?m?c™ P30016, /1m?1-10m 2210 cMo01]

SSG 0SSG

[010]

. b 4

[001]  [100]
MSG Cm'cm’
Spin-orbit magnetism

Y. Liu, X. Chen ..., QL* et al. Nature 652, 869 (2026) 56




More applications of spin space groups?

» Lecture II: Unconventional magnetism

- Introduction: conventional magnets and spintronics.

- Unconventional magnetism: spin-split AFM and anomalous Hall AFM.

- Other facets: topological magnons, quantum geometry, multiferroicity, etc.
- Prediction of new magnetic structures

Thank you for your attention !
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