
Alternative Approaches to 
Magnetic Structures

Juan Rodríguez-Carvajal
Institut Laue-Langevin, Grenoble, France

E-mail: jrc@ill.eu

1



2

Outline:

1. Historical introduction to magnetic structures
2. Early Magnetic Crystallography.  Shubnikov 

Groups and Representations
3. Future of Magnetic Crystallography. 

Superspace groups and Representations. New 
computing tools



3

Outline:

1. Historical introduction to magnetic structures
2. Early Magnetic Crystallography.  Shubnikov 

Groups and Representations
3. Future of Magnetic Crystallography. 

Superspace groups and Representations. New 
computing tools



4

History: Magnetic neutron scattering 

Historical overview:

Chadwick (1932): Discovery of the neutron (Proc Roy Soc A136 692)

Bloch (1936): interaction between magnetic atoms and neutrons

Schwinger (1937): QM treatment (Phys Rev 51 544)

Alvarez and Bloch (1940): n-magnetic moment (Phys Rev 57 111)

Halpern et al. (1937-1941): First comprehensive theory of 
magnetic neutron scattering (Phys Rev 51 992; 52 52; 55 898; 59 960)
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History: Magnetic neutron scattering 

Polarized neutrons milestones:
Shull et al. (1951)
Neutron Scattering and polarisation by ferromagnetic 
materials. Phys. Rev. 84 (1951) 912

Blume and Maleyev et al. (1963)
Polarisation effects in the magnetic elastic scattering of slow 
neutrons. Phys. Rev. 130 (1963) 1670
Sov. Phys. Solid State 4, 3461

Moon et al. (1969)
Polarisation Analysis of Thermal Neutron scattering 
Phys. Rev. 181 (1969) 920
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Oak Ridge 1943
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First magnetic neutron diffraction experiments

11Clifford G. Shull: 1994 Nobel Prize winner in Physics

Clifford G. Shull (1915-2001)

Ernest Omar Wollan (1902 –1984)) 



First magnetic neutron diffraction experiments

Physical Review 76, 1256 (1949)
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First magnetic neutron diffraction experiments
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 The first direct evidence of antiferromagnetism was produced in 

determining the magnetic structure of MnO

 the Néel model of ferrimagnetism was confirmed for Fe3O4, 

 the first magnetic form-factor data were obtained by measuring  

the paramagnetic scattering by Mn compounds, 

 the production of polarized neutrons by Bragg reflection from 

ferromagnets was demonstrated Thanks to Clarina de la Cruz
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Magnetic Structure Description and Determination

“Felix Bertaut is a 
mathematician who 
does crystallography”. 
Andre Guinier

A crucial person in the field of 
magnetic structure 
determination was:

Felix Bertaut (1913- 2003)
Original name: Erwin Lewy,
He signed his papers as 

E. F. Bertaut



18

Magnetic Structure Description and Determination

Two (Three?) principal methods (“classifications schemes”) were 
developed for magnetic structure determination up to the middle 
of the seventies. 
In terms of W. Opechowski  in Acta Cryst. A27, 470 (1971):

C1: Description of magnetic structures based on conventional Shubnikov groups
W. Opechowski and R. Guccione. Magnetic Symmetry, in Magnetism, Vol. 2A, 
Ed. G.T. Rado and H. Suhl, Academic Press, 1965

C1’: Description of magnetic structures based on non-crystallographic groups . 
W. Opechowski and T. Dreyfus, Acta Cryst A27, 470 (1971). 
See also: D.B. Litvin & W. Opechowski, Spin Groups, Physica 76, 538 (1974)
W. Opechowski in Crystallographic and Meta-crystallographic Groups, North 
Holland, 1986

C2: Description of magnetic structures based on representation analysis. 
See E.F. Bertaut, Acta Cryst A24, 217 (1968), Y.A. Izyumov et al., JMMM (1979-1980)

I’m using C1 in a different sense as that used by 
Opechowski (for him C1’ includes C1 in the sense 
used here). 
C1 in the sense used by Opechowski is concerned 
with groups leaving invariant scalar functions f(r), 
and C1’ is concerned with groups leaving invariant 
vector functions B(r)
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Two (Three?) principal methods (“classifications schemes”) were 
developed for magnetic structure determination up to the middle 
of the seventies. 
In terms of W. Opechowski  in Acta Cryst. A27, 470 (1971):
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W. Opechowski in Crystallographic and Meta-crystallographic Groups, North 
Holland, 1986

C2: Description of magnetic structures based on representation analysis. 
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Magnetic Structure Description and Determination
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Magnetic Structure Description and Determination

1945: Shubnikov re-introduces the time reversal group 
{1,1’} first described by Heesch in 1929, Z. Krist. 71, 95.

1951: Shubnikov describes the bi-colour point groups

1955: Belov, Neronova & Smirnova provide for the first 
time the full list of 1651 Shubnikov space groups. Sov. 
Phys. Crystallogr. 1, 487-488

1957: Zamorzaev derives, using group theory, the 
Shubnikov groups. Kristallografiya 2, 15 (Sov. Phys. Cryst., 
3, 401)

1965: Opechowski and Guccione derive and enumerate 
the full list of magnetic space groups (Shubnikov groups)
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Magnetic Structure Description and Determination

1968: Describing 3-dimensional Periodic Magnetic 
Structures by Shubnikov Groups
Koptsik, V.A.
Soviet Physics Crystallography, 12 (5) , 723 (1968)

2001: Daniel B. Litvin provides for the first time the full 

description of all Shubnikov (Magnetic Space) Groups. 

Acta Cryst. A57, 729-730
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The magnetic moment (shortly called “spin”) of an atom can 
be considered as an “axial vector”. It may be associated to a 
“current loop”. The behaviour of elementary current loops 
under symmetry operators can be deduced from the 
behaviour of the “velocity” vector that is a “polar” vector.

Time reversal = spin reversal

(change the sense of the current)

1′ 

A new operator can be introduced and noted as 1′, it flips 
the magnetic moment. This operator is called “spin reversal” 
operator or classical “time reversal” operator

Magnetic moments as axial vectors
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Magnetic moments as axial vectors
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Magnetic Structure Description and Determination

2001: Daniel B. Litvin provides for the first time the full description of 
all Shubnikov (Magnetic Space) Groups. Acta Cryst. A57, 729-730

http://www.bk.psu.edu/faculty/litvin/home.html
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Magnetic Structure Description and Determination

We are concerned here with the 
tables of Magnetic Groups, but 
many other papers from D.B. Litvin 
can be downloaded from its 
personal page at

http://www.bk.psu.edu/faculty/litvin/

The first part is a comprehensive 
introduction to the tables and 
the second part contain each 
individual Magnetic Space Group 
item with Wyckoff positions and 
diagrams
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Magnetic Structure Description and Determination

OG: P2cm’mm
BNS: Panma OG-BNS transformation: (1/2,1/2,1/2; c,-b,2a) 

Group Ordering Number (BNS):  548,  BNS: 62.450,  OG: 59.9.486
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Magnetic Structure Description and Determination
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Magnetic Structure Description and Determination

Only recently the magnetic space groups are available in a 

computer database

Magnetic Space Groups

Compiled by Harold T. Stokes and Branton J. Campbell

Brigham Young University, Provo, Utah, USA

June 2010

These data are based on data from:

Daniel Litvin, Magnetic Space Group Types,  

Acta Cryst. A57 (2001) 729-730. 

http://www.bk.psu.edu/faculty/litvin/Download.html



30

Magnetic Structure Description and Determination



31

Magnetic Structure Description and Determination



32

Magnetic Structure Description and Determination



33

Magnetic Structure Description and Determination

Discussion of  C1, C1’ and C2 approaches for magnetic structures
Point of view of W. Opechowski => C1’ is the good approach
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Magnetic Structure Description and Determination

Full discussion of  C1, C1’ and C2 approaches for magnetic structures
Journal de Physique, Coll. C1, 32  (sup. 2-3) (1971), c1-462-460
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Magnetic Structure Description and Determination

Discussion of  C1, C1’ and C2 approaches for magnetic structures
Journal de Physique, Coll. C1, 32  (sup. 2-3) (1971), c1-462-460

C1: Description of magnetic structures based on conventional Shubnikov groups

C1’: Description of magnetic structures based on non-crystallographic groups. 

C2: Description of magnetic structures based on representation analysis. 
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Magnetic Structure Description and Determination

The option C1’ developed by W. Opechowski was extended by D.B. 

Litvin and W. Opechowski with the concept of “spin groups” in which 

continuous rotation groups (Lie groups) may be used for describing 

helical structures {the symmetry operators are g=(R || R | t), for a 

helical structure S(r+t) = R S(r)}

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

• W. Opechowski and T. Dreyfus, Classification of Magnetic 

Structures, Acta Cryst A27, 470 (1971). 

• D.B. Litvin, Spin Translation Groups, Acta Cryst A29, 651 (1973)

• D.B. Litvin & W. Opechowski, Spin Groups, Physica 76, 538 (1974)

• W. Opechowski, Crystallographic and Meta-crystallographic 

Groups, North Holland (1986)

• R. Lifshitz and S. E. Mandel, Magnetically ordered quasicrystals: 

enumeration of spin groups and calculation of magnetic selection 

rules, Acta Cryst A60, 167 (2004)
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Groups, North Holland (1986)

• R. Lifshitz and S. E. Mandel, Magnetically ordered quasicrystals: 
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rules, Acta Cryst A60, 167 (2004)

C1’
No practical expression for magnetic 
structure factor were provided for the 
general case . 
A search in the Web of Science with topic 
“spin groups” or “spin translation groups” or 
“spin rotation groups” gives only 82 items of 
which only 3 are related to magnetic 
structures. 
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Types of magnetic structures

The (magnetic) structure of crystalline 
solids possess always a series of 
geometrical transformations that leave 
invariant the atomic (spin) arrangement.

These transformations constitute a 
symmetry group in the mathematical 
sense: point groups, space groups, 
Shubnikov groups, spin groups, superspace 
groups, …
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Superspace Symmetry

The introduction of 

superspace approach was 

a breakthrough that 

allowed to treat “aperiodic 

crystals” diffraction data

Pim de Wolff (1919–1998), 
Delft Institute of Technology, 
The Nederland
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Superspace Symmetry

Seminal papers on 
superspace approach

Wolff, P. M. de (1974). Acta 
Cryst. A30, 777-785.

Wolff, P. M. de (1977). Acta 
Cryst. A33, 493-497.

Wolff, P. M. de, Janssen, T. 
& Janner, A. (1981). Acta 
Cryst. A37, 625-636.
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Superspace Symmetry

Awarded with the tenth Ewald Prize for “the development 
of superspace crystallography and its application to the 
analysis of aperiodic crystals” (Montreal 2014)
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Superspace and Representations
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Acta Cryst A66, 649 (2010)

Superspace and Representations
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The future of Magnetic Crystallography is clearly an unified 
approach of symmetry invariance and representations:

C3 > C1 + C2

Journal of Physics: Condensed Matter 24, 163201 (2012)

Magnetic superspace groups



The End!
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Kronecker Product Tables. Vol. 1. 

A.P. Cracknell, B.L. Davies, S.C. Miller, and W.F. Love, (1979).

The mathematical theory of symmetry in solids

C.J. Bradley and A.P. Cracknell, Clarendon Press (Oxford 

University Press, Ely House, London W.1), 1972.

Representation of the Crystallographic Space Groups. Irreducible 

Representations, Induced Representations and Corepresentations. 

2nd Edition, O.V. Kovalev, 
Ed. by Harold T. Stokes and Dorian M. Hatch, Gordon and Breach Science Publishers, 1993. 

Some references for symmetry analysis

Neutron diffraction of magnetic materials 

Y.A. Izyumov, V.E. Naish and R.P. Ozerov 
Consultants Bureau, Plenum Publishing Corporation, New York (1991) 
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Some references for magnetic structures 

and symmetry analysis
W. Opechowski and R. Guccione. Magnetic Symmetry, in Magnetism, Vol. 2A, Ed. 

G.T. Rado and H. Suhl, Academic Press, 1965.

E. F. Bertaut, Acta Cryst. A24, 217 (1968). 

E. F. Bertaut, Spin Configurations in Ionic Structures: Theory and Practice, in 

Magnetism, Vol. 3, Ed. G.T. Rado and H. Suhl, Academic Press, 1963.

Y.A. Izyumov, V.E. Naish, J Magn.Magn.Mat. 12,239 (1979); Y.A. Izyumov, V.E. 

Naish and V.N. Syromiatnikov J Magn.Magn.Mat. 12, 249 (1979); Y.A. Izyumov, 

V.E. Naish and S.B. Petrov, J Magn.Magn.Mat. 13, 267 (1979); Y.A. Izyumov, V.E. 

Naish and S.B. Petrov, J Magn.Magn.Mat. 13, 275 (1979); Y.A. Izyumov, J 

Magn.Magn.Mat. 21, 33 (1980). 

Bilbao Crystallographic Server: http://www.cryst.ehu.es/

ISOTROPY Software Suite : http://stokes.byu.edu/iso/isotropy.php

FullProf Suite : http://www.ill.eu/sites/fullprof/


