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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 5 

History: Magnetic neutron scattering  
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History: Magnetic neutron scattering  
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History: Magnetic neutron scattering  
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History: Magnetic neutron scattering  
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History: Magnetic neutron scattering  
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Oak Ridge 1943 

History: Magnetic neutron scattering  



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

Clifford G. Shull (1915-2001) 

Ernest Omar Wollan (1902 –1984))  

First magnetic neutron diffraction experiments 
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Physical Review 76, 1256 (1949) 

First magnetic neutron diffraction experiments 
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Physical Review 76, 1256 (1949) 

First magnetic neutron diffraction experiments 
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Clifford G. Shull: 1994 Nobel Prize winner in Physics 

First magnetic neutron diffraction experiments 
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First magnetic neutron diffraction experiments 

 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  

 First neutron diffraction investigations of magnetic  

    materials were done at Oak Ridge  

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 
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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) 
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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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Magnetic Structure Description and Determination 
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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) 

Magnetic Structure Description and Determination 
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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 

Magnetic Structure Description and Determination 



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. 

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 

Time reversal = spin reversal 
 
(change the sense of the current) 

1′  

Magnetic moments as axial vectors 
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Magnetic moments as axial vectors 
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Mirror plane 

Electrical dipole Magnetic dipole 

Axial vector Polar vector 

' det( )m m mj j jg h h   24 



' { | }r r t n r r t n =r aj j h j j h i gjg h h      

' det( )m m mj j jg h h  

A general operator g = {h|th+n} acting on an atom rj in the cell at the origin 
(zero-cell) having a magnetic moment mj is transformed as follows:  

The group R = {1, 1′} is called the time/spin reversal group 
Magnetic point and space groups can be obtained as outer 
direct product of point and space groups with R. The 
operators of a magnetic group are called “primed” if they 
result from the combination of the crystallographic operator 
with the element 1′ of R. Those combined with 1 are called 
“unprimed” 

The “signature” is  =  1  for unprimed elements  
  and    = 1 for primed elements  25 

Shubnikov Magnetic Space Groups 



Whatever crystallographic magnetic group, M, can be 
obtained as a subgroup of the outer direct product of R 
by the crystallographic group G: M  GR.  

 
The 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 

 
                          M = H + (G  H) 1′      

26 

Shubnikov Magnetic Space Groups 
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One obtains a total of 1651 Shubnikov groups or four different 
types.  
  
T1: 230 are of the form M0=G (“monochrome” groups) 
  
T2: 230 of the form P=G+G1′ (“paramagnetic” or “grey” groups)  
 
1191 of the form M= H + (G  H)1′ (“black-white”, BW, groups).  
 
T3: Among the BW group there are 674 in which the subgroup  
H  G is an equi-translation group: H has the same translation 
group as G (first kind, BW1). 
  
T4: The rest of black-white groups, 517, are equi-class group 
(second kind, BW2). In this last family the translation subgroup 
contains “anti-translations” (pure translations associated with the 
spin reversal operator).  

Shubnikov Magnetic Space Groups 
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One obtains a total of 1651 Shubnikov groups or four different 
types.  
  
T1: 230 are of the form M0=G (“monochrome” groups) 
  
T2: 230 of the form P=G+G1′ (“paramagnetic” or “grey” groups)  
 
1191 of the form M= H + (G  H)1′ (“black-white”, BW, groups).  
 
T3: Among the BW group there are 674 in which the subgroup  
H  G is an equi-translation group: H has the same translation 
group as G (first kind, BW1). 
  
T4: The rest of black-white groups, 517, are equi-class group 
(second kind, BW2). In this last family the translation subgroup 
contains “anti-translations” (pure translations associated with the 
spin reversal operator).  

 In the BW1 (Type 3) groups the subgroup of translations 
is the same as that of the space group of which they 
derive, so the spin reversal operator is not associated with 
translations: the magnetic unit cell is the same as the 
crystallographic cell. 
 
In the BW2 (Type 4)  groups there are some translations 
associated with spin reversal, so that the “magnetic unit 
cell” is bigger than that of the crystal cell.   

Shubnikov Magnetic Space Groups 



M(Q) is the perpendicular component of the Fourier transform of 

the magnetisation in the sample to the scattering vector. 

 

     Magnetic interaction vector 

 

 

 

 

 

 

 

Magnetic structure factor: 

 

Neutrons only see the components of the magnetisation that 

are perpendicular to the scattering vector 

M 

M  

Q=Q e 

Magnetic scattering 
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  3( ) ( )expM Q M r Q·r ri d 

*
M MI  

M e M e M e (e M)      

1

( ) ( )exp(2 · )M H m H r
magN

m m m

m

p f H i


 



Magnetic structure factor: 

Magnetic structure factor 
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*
M MI  

1

( ) ( ) exp(2 · )M H m H r
magN

m m m

m

p f H i


 

M e M e M e (e M)      

 
1

( ) det( ) {2 [( { } ]}M H m H t r
n

j j j s s s j s j

j s

p O f H T h h exp i h


    

n independent magnetic sites labelled with the index j 

The index s labels the representative symmetry operators of the 

Shubnikov group:                                       is the magnetic moment 

of the atom sited at the sublattice s of site j. 
det( )m mjs s s s jh h 

The use of Shubnikov groups implies the use of the 

magnetic unit cell for indexing the Bragg reflections 

This is what we call C1 description of magnetic structures 
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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 
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Magnetic Structure Description and Determination 
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Magnetic Structure Description and Determination 
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Magnetic Structure Description and Determination 
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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 

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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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) 

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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Magnetic Structure Description and Determination 

Bertaut is the principal developer of 
the method C2 

Representation analysis of magnetic 
structures 
E.F. Bertaut, Acta Cryst. (1968). A24, 
217-231   
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Magnetic Structure Description and Determination 

Symmetry Analysis in Neutron Diffraction Studies of Magnetic 
Structures,  JMMM 1979-1980 

Yurii Alexandrovich Izyumov (1933-2010) 

He published a series of 5 articles in 
Journal of Magnetism and Magnetic 
Materials on representation analysis and 
magnetic structure description and 
determination, giving explicit and general 
formulae for deducing the basis functions 
of irreps.  
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Diff. Patterns of magnetic structures 

Magnetic reflections:   indexed  

by a set of propagation vectors {k} 

h    is the scattering vector indexing a magnetic reflection    

H   is a reciprocal vector of the crystallographic structure 

k    is one of the propagation vectors of the magnetic structure  

     ( k is reduced to the Brillouin zone) 

Portion of reciprocal space  

Magnetic reflections 

Nuclear reflections 

h = H+k 
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Formalism of propagation vectors 

A magnetic structure is fully described by: 
 
i) Wave-vector(s) or propagation vector(s) {k}. 
 

ii) Fourier components Skj for each magnetic atom j and 
wave-vector k, Skj is a complex vector (6 components) !!! 
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 

{ 2 }k

k

m S kRljs js lexp i 


 jsjs kk- SSNecessary condition for real moments   mljs  

l : index of a direct lattice point (origin of an arbitrary unit cell) 
j : index for a Wyckoff site (orbit) 
s: index of a sublattice of the j site 

General expression of the Fourier coefficients (complex vectors)  for 
an arbitrary site (drop of js indices ) when k and –k are not equivalent: 

1
( )exp{ 2 }

2
k k k kS R Ii i   

Only six parameters are independent. The writing above is convenient 
when relations between the vectors R and I  are established (e.g. when 
|R|=|I|, or R . I =0)  

Formalism of propagation vectors 
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Magnetic Structure Factor 

1

( ) ( ) {2 [( ){ } ]}kM h h S H k t r
n

j j j js s j

j s

p O f T exp i S


  

j :  index running for all magnetic atom sites in the magnetic 

asymmetric unit (j =1,…n ) 

s :  index running for all atoms of the orbit corresponding to 

the magnetic site j (s=1,… pj). Total number of atoms: N = Σ pj 

{ }t sS  Symmetry operators of the propagation vector 

group or a subgroup 

If no symmetry constraints are applied to Sk, the maximum number of 

parameters for a general incommensurate structure is 6N (In practice 

6N-1, because a global phase factor is irrelevant) … we may call this 

method: C0 
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The star of the vector k: little group 

The set of non-equivalent k vectors obtained by applying the rotational 

part of the elements gG constitute the so called “star of k”  

1 1 1 2 1 3 1 1 2{ } { , , , ,...} { , ,... }k k k k k k k k
kl

h h h 

The ki vectors are called the arms of the star. The number lk is 

less or equal to the order of the point group n(G0)  

The set of elements gG leaving the k vector invariant, or equal to 

an equivalent vector, form the group Gk. Called the group of the 

wave vector (or propagation vector group) or the “little group”. It is 

always a subgroup of G. The whole space/point group (little co-

group) can be decomposed in cosets of the propagation vector group: 

2

1

...k k kG G G G k k
kl

L L L

L

g g g


    

Two k-vectors, k and k’ are equivalent if their difference is a 

reciprocal lattice vector:  k ‒ k’ = H 
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The representations of Gk and G 

We need to know the Irreps of Gk 
k only for the coset representatives 

(with respect to the translation group) of Gk 

2({ | }) ({ | })k k t k
t t  t

i

h hh e h     

2 31kG Τ Τ Τ Τng g g   

For a general element of Gk we have: 

The matrices k can be easily calculated from the projective (or 

loaded) representations that are tabulated in the Kovalev book 

2
( ) ({ | }) ( )

k tk k
t  hi

h projg h h e
      

The full representations of the space group can be obtained from 

the small representations by using the induction formula 
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Representation analysis 

A reducible representation of the propagation vector group can be 
constructed by selecting the atoms of a Wyckoff position and 
applying the symmetry operators to both positions and axial vectors. 
This gives rise to the so called Magnetic Representation of 
dimension: 3na (being na the number of atoms in the primitive cell)  

Mag Perm Axial n 




     

This representation can be decomposed in Irreps and the number 
of times a particular Irreps,       , is included can be easily 
calculated  



The basis functions, for each Irrep and each sublattice of a Wyckoff 
site, can be calculated by using the projection operator formula. The 
basis functions are constant vectors of the form (1,0,0), (0.5, 1,0) … 
with components referred to the crystallographic unitary frame:  
{a/a, b/b, c/c} attached to each sublattice. 
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Representation analysis 

2

, ,( ) det( )
kak

j
gsij j

Mag q s q gsg e h h


    

The explicit expression for the magnetic representation for the 

propagation vector k, the Wyckoff position j, with sublattices 

indexed by (s, q), shows that it may be considered as the direct 

product of the permutation representation, of dimension pj  pj and 

explicit matrices:  
2

,( )
kak

j
gsij j

Perm qs q gsP g e


  

by the axial (or in general “vector”) representation, of dimension 3, 

constituted by the rotational part of the Gk operators multiplied by -1 

when the operator g={h|th} corresponds to an improper rotation. 

( ) det( )Axial V g h h   

Permutation representation 

Axial representation 

Magnetic representation 
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Representation analysis 

It is convenient to use, instead of the basis 

vectors for the whole set of magnetic atoms 

in the primitive cell, the so called atomic 

components of the basis vectors, which are 

normal 3D constant vectors attached to 

individual atoms: 

, 1,...

( ) ( )k k
S

js p

j js 

 
 

 

The explicit expression provided by Yu. A. Izyumov 

for the atomic components of the basis functions is: 

1

2*

[ ] , [ ] 2

3

( ) ( ) e det( )
0k

k ak

G

S
j
gsi j

s g q

g

h

js g h h

h


 

   






 
 

   
 
 


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Fourier coefficients and basis functions 

( )k

k
S Sjs n n

n

C js 

 




The coefficients       are the free parameters of the 

magnetic structure.  

Called “mixing coefficients” by Izyumov 

nC



Indices: 

k : reference to the propagation vector 

 : reference to the irreducible representation 

n : index running from 1 up to n   
 : index running from 1 up to  

Mag n 




  



dim( )

Fourier coeff. Basis vectors 
 
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Fourier coefficients and basis functions 

 k

k
S Sjs n n

n

C js 

 




       
1

2k
M h h S h r

n

j j j n n s j

j n s

p O f T C js exp i 

 






   

The fundamental hypothesis of the Symmetry Analysis of magnetic 

structures is that the Fourier coefficients of a magnetic structure are 

linear combinations of the basis functions of the irreducible 

representation of the propagation vector group Gk , the “extended little 

group” Gk,-k or the full space group G. 

C2-a 
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Extended “pseudo-symmetry” operators 

Alternatively, a more close to traditional crystallographic 

approaches can be considered in some cases. The Fourier 

component k of the magnetic moment of atom j1, that transforms to 

the atom js when the symmetry operator gs={h|t}s of Gk is applied 

(rj
s=gsr

j
1=hsr

j
1+ts), is transformed as:  

1 { 2 }k k kS Sjs js j jsM exp i  

The matrices Mjs and phases kjs can be deduced from the relations 

between the Fourier coefficients and atomic basis functions. The 

matrices Mjs correspond, in the case of commensurate magnetic 

structures, to the rotational parts of the magnetic Shubnikov group 

acting on magnetic moments.  

1

( ) ( ) {2 [( )]{ } }k kM h h S H k t r
n

j j j js s j j

j s

p O f T exp i h


   

C2-b 
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The maximum number of free coefficients to describe the magnetic 

structure is proportional to the number m of independent basis vectors  

    

if we consider real coefficients when k = ½ H  

   nf = m  dim() 

 

if we consider complex coefficients when k  IBZ 

    nf  = 2m  dim() -1   

The analysis is successful when one of the following conditions apply:  

nf = 2m  dim() –1 < 6pj (for k non equivalent to -k)    

nf = m  dim() < 3pj  (for k equivalent to -k) 

Where pj is the number of sublattices (atoms) of site j. The effective number of 

free parameters is lower in general as soon as one uses the relation between basis 

vectors of different arms of the star {k} or select special direction in 

representation space for dim() > 1. 
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     Impact of Magnetic structures 

The impact of the magnetic structures as a 
field in physics and chemistry of condensed 
matter is strongly related to 
  
(1) the availability of computing tools for 

handling the neutron diffraction data 
and to 

(2)  the appearance of relevant topics in 
new materials. 
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     Impact of Magnetic structures 

Search in the Web of Science, TOPIC: (("magnetic structures" or "magnetic structure" or 

"spin configuration" or "magnetic ordering" or "spin ordering") and ("neutron" or "diffraction" 

or "refinement" or "determination")) 
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     Impact of Magnetic structures 

Search in the Web of Science, TOPIC: (("magnetic structures" or "magnetic structure" or 

"spin configuration" or "magnetic ordering" or "spin ordering") and ("neutron" or "diffraction" 

or "refinement" or "determination")) 
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     Impact of Magnetic structures 

Methods and Computing Programs 

Multiferroics 

Superconductors 
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     Impact of Magnetic structures 

Multiferroics 

Nano particles 

Manganites, 
CO, OO 

Heavy Fermions 
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     Impact of Magnetic structures 

Search with Topic = “Magnetic structure” or “magnetic structures” 

Thin Films 
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     Impact of Magnetic structures 

Search in the Web of Science: “Magnetic structure” or “magnetic 

structures” and removing non-concerned research areas. 
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Programs for handling Magnetic Structures 

Hugo M. Rietveld 
received the Gregori 
Aminoff Prize in 

1995.  

The breakthrough: the Rietveld method 

Hugo Rietveld had the 
idea of modelling the 
whole profile of the 
powder diffraction 

pattern.  

H.M. Rietveld distributed a least squares computer 
program allowing to refine crystal and magnetic 
structures from neutron powder diffraction patterns 
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Programs for handling Magnetic Structures 

The original Rietveld program was limited to commensurate 
magnetic structures, but his idea gave rise to a series of 
Rietveld programs that extended the method. 

DBW, LHPM-Rietica, BGMN, BRASS, WinMProf, XND … (no 
magnetism) 
GSAS, RIETAN, … (commensurate magnetic structures) 
FullProf, SIMREF, JANA (incommensurate magnetic structures) 

Journal of Applied Crystallography 2, 65 (1969) 
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Programs for handling Magnetic Structures 

“The Cambridge Crystallography Subroutine Library (CCSL) is a set of 
subroutines which are used in the construction of Fortran 
crystallographic programs. CCSL has been written with the needs of 
the nonstandard crystallographer in mind. …., the aim of CCSL is to 
allow each user to do something a little different, and to 
experiment with his own ideas using the subroutines in the library 
for the routine parts of the calculations” 

The Cambridge Crystallography 
Subroutine Library 
JC Matthewman, P Thompson and 
PJ Brown 
J. Appl. Cryst. 15, 167-173 (1982).  

Single Crystal data 

https://www.ill.eu/sites/ccsl/html/ccsldoc.html 
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Programs for handling Magnetic Structures 

Mostly single Crystal data 

 Together with many “main programs” and 
utilities for crystallographic applications, 
the magnetic programs based in CCSL are 
able to treat single crystal diffraction data 
(polarized and un-polarized neutrons) and 
also powder diffraction. 

MAGLSQ : Refinement of magnetic structures (commensurate and 
incommensurate), treatment of flipping ratios for spin densities, etc. 

CHILSQ : Refinement of local susceptibility tensors using polarized 
neutrons 
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Programs for handling Magnetic Structures 

Physica B 192, 55 (1993) 
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Programs for handling Magnetic Structures 

J. Rodriguez-Carvajal, Physica B 192, 55 (1993) 

First description of some features of the program FullProf 
 
Description of the program MagSan for determining 
commensurate magnetic structures using Simulated 
Annealing (later included in FullProf for general structures) 
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Programs for handling Magnetic Structures 

J. Rodriguez-Carvajal, Physica B 192, 55 (1993) 

Introduction of the method C2-b for treating magnetic 
structures (commensurate and incommensurate) 
 
The phase conventions where changed in subsequent 
versions of the program FullProf 
 
Anisotropic broadening due to size and strain effects was 
already present for both commensurate and 
incommensurate structures 
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     Impact of Magnetic structures 

It is expected an increase of the impact of magnetic 

structures in the understanding of the electronic structure of 

materials with important functional properties.  

 

• Thin films 

• Multiferroics and magnetoelectrics 

• Superconductors 

• Thermoelectrics and magnetocalorics 

• Topological insulators 

• Frustrated magnets 

• … 

Many examples of magnetic structures have been presented in 

this Congress of the IUCr and none will be described here.  
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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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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 

Superspace Symmetry 
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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.    

Superspace Symmetry 
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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 

Acta Cryst A66, 649 (2010) 
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Superspace and Representations 
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Magnetic superspace groups 

The future of Magnetic Crystallography is clearly an unified 
approach of symmetry invariance and representations: 
   C3 > C0 + C1 + C2 

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

4

4 ,0 , 4 , 4( ) [ sin(2 ) cos(2 )]

( , | ) 1( ) 1( )

r r kr

M M M M

t

l l

ns nc

n

b

x

x nx nx

time reversal otherwise

  

  

   



  

    

  

l

R

The application of (R, | t) operation to the modulated structure 

change the structure to another one with the modulation functions 

changed by a translation in the fourth coordinate 

 

The original structure can be recovered by a translation in the 

internal space and one can introduce a symmetry operator  

'

4( )M M x   

( , | , )t R
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k k HIR   RR

HR is a reciprocal lattice vector of the basic structure and is 

different of zero only if k contains a commensurate component. 

If in the basic structure                               their atomic 

modulation functions are not independent and should verify 

( | )t r r  R l

4 0 4

4 0 4

0

( ) det( ) ( )

( ) ( )

M H r M

u H r u

kt

I

I

R x x

R x x

  

  

 

  

  

 



 

R

R

R R

R

If                      belongs to the (3+1)-dim superspace group of an 

incommensurate magnetic phase, the action of R on its propagation 

vector k necessarily transforms this vector into a vector equivalent to 

either k (RI = +1) or -k (RI = -1). 

( , | , )t R

Superspace operations 
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( , 1| , )t k t 1The operators of the form:                           constitute the lattice 

of the (3+1)-dim superspace group  

Using the above basis the we can define 3+1 symmetry 

operators of the form: 

( , 1|100, ), ( , 1| 010, ), ( , 1| 001, ), ( , 1| 000,1)x y zk k k      1 1 1 1

The basic lattice translations are: 

1 2 3 0

11 12 13

21 22 23

1 2 3 0

31 32 33

1 2 3

( , | , ) ( , | ) ( , , )

0

0
( , , , )

0

t t t kt

t

S S

S S

R R R I

t t t

R R R

R R R
t t t

R R R

H H H R

   

 
 
  
 
 
 

    



R R

R

The operators of the magnetic superspace groups are the same a those 

of superspace groups just extended with the time inversion label   

Superspace operations 
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Simplified Seitz symbols for 3+1 symmetry operators 

1 2 3 0 0

1 2 3 0 1 2 3 0 1 2 3 0

( , | , ) ( , | ) ( , , , )

( , | , ) { , | } { | } { ' | }

1 1 1 1 1
( , | 00 , ) { , | 00 } *

2 2 2 2 2

t t t kt

t

k c

S S S t t t

t t t t t t or t t t

with

     

     

   

   

 

  

R R

R R R R

R R

Simple example 

1 2 3 4

1 2 3 4

1 2 3 4

1 2 3 4

11'( )0

{1| 0000} , , , , 1

{1| 0000} , , , , 1

{1' | 0001/ 2} , , , 1/ 2, 1

{1' | 0001/ 2} , , , 1/ 2, 1

P s

x x x x

x x x x

x x x x

x x x x



    

 

     



Superspace operations 

Example: 



88 

4

4 ,0 , 4 , 4( ) [ sin(2 ) cos(2 )]

r r kr

M M M M

l l

ns nc

n

x

x nx nx

  

  

  

    

l

  , ,

1

( ) | | ( ) {2 }
2

M M
F H k H k H k Hr

n
mc ms

mag

i
m p f m T m exp i




   

 

 




Simplified magnetic structure 

factor in the superspace 

description with the notation used 

in JANA-2006 

Magnetic Structure Factor 
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   

{ 2 } { 2 }
k k

k k

M S k M krl lexp i exp i        l

, ,

1 1
( )exp{ 2 } ( )exp{ 2 }

2 2
k k k k k kS R I M M krc si i i i            

 

 

1

, ,

1

( ) {2 ( ) }

1
( ) ( ) {2 }

2

k

k k

M h S H k r

M h M M Hr

n

n

c s

p f h T exp i

p f h T i exp i





 

 





   


    






Simplified magnetic structure factor in the C2-b 

description used in FullProf (with notations adapted 

to those used in superspace approach) 

Magnetic Structure Factor 
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Most used programs for Magnetic Structure 

determination and refinement 

 

Commensurate structures only: GSAS, RIETAN 

                                                   TOPAS symmetry modes 

General magnetic structures:   

      Single Crystals only: MAGLSQ (CCSL) 

      Single Crystal and Powders: FullProf, JANA-2006 

 

In red, we have emphasized the programs with strong 

active projects for developing new methods for magnetic 

structures 

Computing Tools 
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Programs for symmetry analysis 

A series of computing tools for 

crystallography including magnetic 

structures are available at Bilbao 

Crystallographic Server 
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Programs for symmetry analysis 
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Programs for symmetry analysis 
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Programs for symmetry analysis 

A huge amount of work on symmetry has been developed by Harold 

Stokes, Dorian Hatch and Branton Campbell.  

Stokes developed ISOTROPY and many algorithms for working with 

space groups and representations. Together with the programs they 

have made available databases to be used by external software 
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CrysFML: open Crystallographic Library in F90 at 
https://forge.epn-campus.eu/projects/crysfml 
 
As a result of the availability of new databases I have 
developed new tools to be used within the FullProf Suite 
 
Mag_Info:   information on Shubnikov groups 
mCIF_to_PCR:  conversion of mCIF files to PCR files for 
   FullProf 
 
FullProf exports (for commensurate structures) an mCIF 
file that can be read by ISOCIF and the Bilbao 
Crystallographic Server 

Cooperation for Software development 

https://forge.epn-campus.eu/projects/crysfml
https://forge.epn-campus.eu/projects/crysfml
https://forge.epn-campus.eu/projects/crysfml
https://forge.epn-campus.eu/projects/crysfml
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