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➢ Spin group theory

➢ Unconventional magnons in collinear magnets

➢ Outlook: Unconventional magnetism
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Conventional wisdom of symmetry description for crystals

Nonmagnetic:
Crystallographic point/space groups
Federov, Schoenflies, etc. (1900s)

Can magnetic groups completely describe magnetic materials?

Magnetic ordered:
Magnetic point/space groups
Heesch, Shubnikov, etc. (1950s)



Magnetic group: Binary spin operation

Axial Vector

➢ Crystallographic group operations: Cn, P, M

➢ Magnetic group operations: Cn, P, M, CnT, PT, MT
What does Cn mean in a magnetic group?

C2 for lattice & spinC2 for lattice only

T

In either way, you can define a “magnetic group” …

A. V. Shubnikov L. Landau



Magnetic group is insufficient even in distinguishing FM/AFM

5

Mn3GeLaMnSi2 CaIrO3

MSG: 𝐶𝑚′𝑐𝑚′

Collinear FM Collinear AFM Coplanar AFM

Ferromagnetism
Spin SU(2) symmetry breaking

Separate spin and lattice rotations

Spin group



Consider an AFM 

spin arrangement

𝐶2 rotation in magnetic group 

Spin group contains more symmetry operations

✘

Lattice 𝐶4 + Spin 𝐶2 

rotation (spin group) 

Lattice 𝐶2 rotation 

(spin group) 

Spin group can completely describe magnetic geometry

RuO2



Another way to consider: Symmetry of Hamiltonians

Non-magnetic

w/ SOC

Double space group Magnetic double space group
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Magnetic order

Magnetic order

X. Wan*, QL* et al. PRX 12, 021016 (2022) arXiv:2103.15723 

Spin space group



New insight of symmetry description for magnetic crystals

Magnetic order:

If spin can feel lattice:
Magnetic point/space groups

SPIN point/space groups

Symmetry
breaking



D. B. Litvin and W. Opechowski, Physica 76, 538 (1974);

D. B. Litvin, Acta Crystallogr. A 33, 279 (1977)

Original works about spin group symmetry

➢ Geometry (1963): More “colors” are needed to completely describe the

magnetic symmetry.

➢ 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.

➢ Group theory (1977): 598 spin point groups are enumerated.

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

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



New development of spin group theories

➢ Spin point groups for specific magnetic configuration?

➢ Enumeration of spin space groups?

➢ Representation theory of spin space groups?

PRX 12, 021016 (2022) 

PRX 14, 031038 (2024)

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

➢ Parallel works on spin group theory:

P. McClarty’s group: arXiv:2307.12784 (2023), Phys. Rev. B 105, 064430 (2022)

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

R. Arita’s group: Acta Cryst. A80, 94–103 (2024), Phys. Rev. B 109, 094438 (2024)

Z.-X. Liu and C. Fang’s group: PRX 14, 031039 (2024), arXiv:2105.12738 (2021)

Z. Song’s group: PRX 14, 031037 (2024) 10



Spin point groups for collinear and coplanar configurations

Coplanar: 𝐺SO = 𝑍2
𝐾 Collinear: 𝐺SO = 𝑆𝑂 2 ⋊ 𝑍2

𝐾

𝑇eff = 𝑈𝒏 𝜋 ∙ 𝑇 𝑈𝒏 𝜋 ∙ 𝑇

253 90

X. Wan*, QL* et al. PRX 12, 021016 (2022) arXiv:2103.15723 

𝑈𝒎(𝜔)

Effective 𝑇: NO anomalous Hall effect in col./cop. magnets (w/o SOC)

Collinear

Coplanar

✗ Time-reversal 𝑇
✓ Effective time-reversal 𝑇eff

magnets



Enumeration of spin space group

QL* et al. PRX 14, 031038 (2024)

AFM

𝐺↑

ԡ𝑇 𝐴

Collinear SSGs (1421) 

𝐺𝑁𝑆𝑆 × 𝑍2
𝐾 ⋉ 𝑆𝑂 2

Collinear AFM (1191)
𝐺𝑁𝑆𝑆 = ԡ𝐸 𝐺↑ + ԡ𝑈𝒏 𝜋 𝐴𝐺↑

Collinear FM (230)

𝐺𝑁𝑆𝑆 = ԡ𝐸 𝐺

Type-I

 (230)

Type-II 

(252)
𝐴 = 𝑃

Type-IV 

(517)
𝐴 = 𝜏

Type-III 

(422)
𝐴 = others

“Altermagnet”FM/FIM
PT AFM

Spin degen.

Uτ AFM

Spin degen.

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

Cell expansion cutoff: ≤ 8



Identification of the spin group symmetries 

Input:

• .mcif

• Editing data in the program

Output:

• Spin group/magnetic group

• Symmetry operations

• Physical properties



Applications of spin group theory

Z2 topological phase: PRX 12, 021016 (2022)

Unconventional magnons: Nature 640, 349 (2025)

Material search of correlation enhanced SOC: Nat. Commun. 13, 919 (2022)

Chiral Dirac fermion: Theory — The Innovation 3, 100343 (2022)

Experiment — Chin. Phys. Lett. (Express) 40, 126101 (2023)

1) New degeneracies, new quasiparticles, and new topological phases

AFM induced spin splitting: Nature 626, 523 (2024)

3) Emergent effects without the assistance of SOC

2) Starting point to investigate SOC effects in magnetic materials

4) Classify magnetic phases

Unconventional magnetism [Nat. Phys. 21, 329 (2025)], e.g., altermagnetism

Quantum geometry nonlinear transport: arXiv:2406.03738 to appear in Nat. Commun.

Multipolar anisotropy: Y. Gao and Q. Niu et al. arXiv:2408.08810 (2024)

Multiferroicity: PRL 134, 106802 (2025)



Topological magnons

X. Chen, …, QL* et al. Nature 640, 349 (2025) arXiv:2307.12366 



Band topology

(topological insulator)

Topological magnons beyond MSGs

Node topology

(topological semimetal)

A. Mook, et al. PRL (2016); L. Chen, et al. PRX (2018); A. Corticelli et al., PRL (2023);
Karaki et al., Sci. Adv. (2023); P. McClarty, Annu. Rev. Condens. Matter Phys. (2022)

Symmetry indicator (magnetic group)



Magnons in collinear magnets largely respect SSG

Collinear magnets: 𝑱𝒊𝒋 ≫ 𝐽𝑎𝑛𝑖 , 𝐷, 𝛤 (generally)

Collinear magnets (62%)Collinear SSGs (1%)

➢ Multiple-fold degeneracies of magnon spectrum require “spin group”.

Brinkman et al., JAP 37, 1457 (1966);
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Searching unconventional magnons in collinear magnets

➢ ~ 500 collinear magnets hosting unconventional magnons

➢ > 200 magnon band structures w/ and w/o SOC

𝐻 =  

𝑖𝑗

𝐽𝑖𝑗𝑺𝑖 ⋅ 𝑺𝑗
Collinear magnets
(FM / FIM / AFM) Collinear SSGs



Band representations in FINDSPINGROUP

findspingroup.com



Cubic spin space group in collinear AFM: Cu3TeO6

✓ Six-fold degenerate points at Γ、H 

✓ Dirac magnons at Γ、P

✓ Doubly-degenerate at arbitrary k

Space group :𝐼𝑎ത3 (Cubic)

Magnetic space group: 𝑅ത3′ (Rhombohedral)

Yao, et al. Nat. Phys. 14, 1011 (2018)

Bao, et al. Nat. Commun. 9, 2591 (2018)

Spin space group: 𝐼  
ഥ1𝑎  

ഥ1ത3  
∞𝑚1 (Cubic)



Magnon band database

C-4 Sextuple point

C-8 Dirac point

Quadruple nodal plane net

+ Octuple nodal line

Octuple nodal point

+ Chiral magnon

Chiral magnon

Chiral magnon
T. Masuda et al., PRL 133, 156702 (2024)

C-4 Octuple point



SOC effects

Y. Liu et al., PRB 108, 094427 (2023)

Single-ion anisotropy (A) Dzyaloshinskii-Moriya interaction (D)

➢ ~87% 3d, 4d and 4f collinear magnets dominated by SSG



Summary and What’s next?

Spin group describes geometry / Magnetic group describes SOC

➢ Enumeration and representation theory for spin space groups 

➢ Online program FINDSPINGROUP findspingroup.com

➢ Exploration of general “Unconventional Magnetism”

 Spin splitting, anomalous Hall, multiferroicity, nonlinear transport…

http://www.findspingroup.com/


QL* et al. Nat. Phys. 13, 329 (2025)

Unconventional Magnetism：
AFM configuration with FM properties

Spin-split 

AFM
Anamalous-Hall 

AFM

CoNb3S6
MnTe [100]

MnTe2

MnTe [210] Mn3Sn

Altermagnetism

24

Facets of Unconventional magnetism: dependent on specific properties

CuMnAs

Nakatsuji, S. et al. Nature 527, 212 (2015)
Wadley, P. et al., Science 351, 587 (2016)
G. Betancourt, et al., PRL 130, 036702 (2023)

Takagi, H. et al., Nat. Phys. 19, 961 (2023)
Chen, X. et al. PRX 14, 031038 (2024)
Zhu, Y.-P. et al., Nature 626, 523 (2024)



Unconventional Magnets

+ +

Quantum geometry
PRL 129, 276601 (2022)

Nat. Commun. (2025)

Spin splitting
Nature 626, 523 (2024)

Topological magnets
PRX 12, 021016 (2022)

The Innovation 3, 100343 (2022)

Anomalous Hall

PRX 14, 031038 (2024)

Nano Lett. 23, 8650 (2023)

Topological magnons
Nature 640, 349 (2025)

Unconventional superconductivity

Skyrmions

Landscape of unconventional magnetism

Multiferroicity
PRL 134, 106802 (2025)

Fermi
surface

Nat. Phys. 21, 329 (2025)



Acknowledgements

Theory: Xiangang Wan (NJU), Caiheng Li (SUSTech), Xi Dai (HKUST),

Stefan Blügel (Jülich, Germany), Alessandro Stroppa (CNR-SPIN, Italy),

  Kirill Belashchenko (U. Nebraska-Lincoln)

ARPES: Prof. Chang Liu (SUSTech), Shan Qiao (SIMIT)

Collaborators

Xiaobing Chen, Mingqiang Gu, Yutong Yu, Weizhao Chen, Pengfei Liu,

Jun Ren, Haiyuan Zhu, Jiayu Li, Yuntian Liu, etc.

Group Members



Thank you for your attention !


	Folie 1
	Folie 2
	Folie 3
	Folie 4
	Folie 5
	Folie 6
	Folie 7
	Folie 8
	Folie 9
	Folie 10
	Folie 11
	Folie 12
	Folie 13
	Folie 14
	Folie 15
	Folie 16
	Folie 17
	Folie 18
	Folie 19
	Folie 20
	Folie 21
	Folie 22
	Folie 23: Summary and What’s next?
	Folie 24
	Folie 25
	Folie 26
	Folie 27

