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- Magnetic ordering is a symmetry-breaking process

« We talk of a “distorted structure” and a “distortion”.

« The paramagnetic structure is the “parent” structure and it has a
higher symmetry: group-subgroup relation. (magnetic groups)

 Lost symmetry operations transform the distorted structure into
something different: a distorted structure with a different distortion.

* Relation with the original distortion?:
« A matrix for each operation describes the corresponding

transformation of the distortion: A REPRESENTATION of the
symmetry group of the paramagnetic phase:



Clumsy/primitive way of describing a spin arrangement in a crystal:

Description atom by atom:
Atomic spins of all magnetic atoms :

S1x = le exl
S1y = Qly eyl
S1z = le ezl
SZX = QZX ex2
S,y = Qyy €Y2 Atoms 1,...,N
SZZ = QZZ ez2

SNx - QNX exN
SNy = QNy eyN
SNz - QNZ ezN

Distortion:

Q = (lev Qly, le’ ----- ’QNX’ QNyv QNZ)

3N parameters




g operation of the parent space group G

\
7\ 9,
o~
\
< T(@Q=
Q= (Quo Qly’ QNy’ Qnz) Q"= (Q'y, Q’ly’ Q’Ny1 Q'nz)

Magnetic representation of the parent space group G:

Set of the matrices T(g): 3Nx3N, one for each g of the parent space
group: B N

For a given parent structure the
T( ) = determination of the magnetic

g 3Nx3N representation (the matrices T)
IS a pure mathematical problem
(no physics!)




g operation of the parent space group G

T@)Q=0Q

Set of matrices T(g): 3Nx3N representation of the parent space group G
change of basis

Q = (Qux, Qly’ QNy’ Qnz) » Q=(0Q1,Q2,Q3, ...,Q3N)

Irrep decomposition of the magnetic representation: Pure mathematical problem!

transformation to a basis

of irrep modes: |

The rep. T decomposes

3Nx3N into a set of irreps
(smaller matrices)

— —




We change to a basis of collective modes:

Description atom by atom:
Atomic spins in all magnetic atoms :

Slx = le ex1
Sly = Qly eyl
S1z = le ezl
SZx = Q2x ex2
S,y = Qyy €y2 Atoms 1,...,N
SZz = QZZ ez2

SNx - QNX eXN
SNy = QNy eyN
SNz - QNz ezN

Distortion:

Q = (le1 Qlya le’ ----- sQNx’ QNy’ QNZ)

3N parameters

>

Change of basis:

Mode basis (orthonormal)

el = a;1€x1+ a,eyl+ a136x1 ....a13y€zN
€2 = 8,1Ex1+ Ay,eYyl+ Ay3€x1 ... a53NezN
€3 = A31ex1+ ag,eyl+ Az3€x1 ....a33\E2N

e3N = a3NleX1+ a3N26y1+ et a3N3NeZN

(3N x 3N) matrix transformation

Distortion in the new basis:

Q - Ql el + Qz g2 + Q3 g3 + .+ Q3N EN

Q=(Q1,Q2 Q3 ..., Q3N)
3N parameters (mode amplitudes)
(collective coordinates)

N is infinite, but .........




Q = (Qx Quys --- Qny» Qnz) change of basis Q=(Q1,Q2,Q3, ...,Q3N)

first step: decompositions in waves with different ks:

S_pln waves with Ky, Ry Ky
different k-vectors only
transform into waves with
3Nx3N the same k-vector or a

rotated one

— K,,.Rm Ko

Irreps are first classified according to their k-vector(s)

The infinite N in T goes into the infinite of possible k-vectors!



Q - (Qlkl, Q2k17"'Q3Sk1""’Q1kn’ szn,...Q3S )
ey can be derived from

k1,...,kn

“k1 ”

3s X 3s

s=number of magnetic atoms in a primitive unit cell

the matrix “k1” , with the
same d|menS|on

The block of k1 and related “k1 n
ones decomposes into a set
of blocks (smaller matrices)

—

If the operation J keeps k1
invariant

small representatibﬁ'(reducible!)
(only for the little group G,, which
keeps k1 invariant _

Decomposition of the |
small rep into irreps

transformation to a
basis of irrep modes:

— _:|.

If several magnetic atoms
in the asymmetric unit- each orbit can be

decomposed separately



Representation based modelling of magnetic structures

Possible spin arrangements for a magnetic structure
having space group Pnma in the paramagnetic phase and a
magnetic ordering with propagation vector k=(1/2,0,0)?

@ HoMnQO,

k=(1/2,0,0)
Mn at WP 4b

?

Magnetic representation for this k and this 4b site:

dim: 4 atoms x3 spin components =12. Reducible in general



MAGNETIC REP

MGENPOS
MWYCKPOS

MKVEC 4\

IDENTIFY MAGNETIC GROUP

BNS20G
mCIF2PCR
MPOINT
MAGNEXT

MAXMAGN
MAGMODELIZE
STRCONVERT

k-SUBGROUPSMAG

MAGNDATA
MVISUALIZE
MTENSOR 4\
MAGNETIC REP.

Get_mirreps

Magnetic Symmetry and Applications

General Positions of Magnetic Space Groups
Wyckoff Positions of Magnetic Space Groups
The k-vector types and Brillouin zones of Magnetic Space Groups

Identification of a Magnetic Space Group from a set of generators in an
arbitrary setting

Transformation of symmetry operations between BNS and OG settings
Transformation from mCIF to PCR format (FullProf).

Magnetic Point Group Tables

Extinction Rules of Magnetic Space Groups

Maximal magnetic space groups for a given space group and a propagation
vector

Magnetic structure models for any given magnetic symmetry

Convert & Edit Structure Data
(supports the CIF, mCIF, VESTA, VASP formats -- with magnetic information where available)

Magnetic subgroups consistent with some given propagation vector(s) or a
supercell

A collection of magnetic structures with portable cif-type files
3D Visualization of magnetic structures with Jmol
Symmetry-adapted form of crystal tensors in magnetic phases
Decomposition of the magnetic representation into irreps

Irreps and order parameters in a paramagnetic space group- magnetic
subgroup phase transition




MAGNETIC REP: Decomposition of the magnetic representation
Into irreps.
(for some input wave vector(s) and chosen Wvckoff positions)

Wave-vectors of the star (1 vector):

X:(1/2,0,0)

Wyckoff
position
4b:(0,0,1/2) [3 mX1(2) @ 3 mX2(2)

In parentheses the dimensions of the irredugtble representations of the little group of k
(small irreps)

(the m in the irrep label means “odd” for time reversal)

Decomposition into irreps

CDML notation for the irrep labels: the corresponding irreps are
listed in the Bilbao Crystallographic Server and in the ISOTROPY
webpage




Representation based modeling of magnetic structures

Possible spin arrangements for a magnetic structure
having space group Pnma in the paramagnetic phase and a
magnetic ordering with propagation vector k=(1/2,0,0)?

@ HoMnQO,

k=(1/2,0,0)
Mn at WP 4b

?

Magnetic representation: dim 4x3=12. Reducible in general

6-dim 6-dim

Vr y .
Mep= 3 MX1(2) @ 3 mX2(2) Decomposition

Into irreps
"\ Arreps




LANDAU Theory: If transition continuous , then the spin
arrangement transforms according to an IRREDUCIBLE
representation (irrep) of G

< gi -
Q=» Q'

6 — Ql_d>1+---+Qn_d>n 6 ‘= Q’ 1_Z+---+Q, n_CTn
T(@)Q=Q’

{T(9)} : IRREDUCIBLE REPRESENTATION (irrep)

_(5 = (Q.,Q,,...,Q,) -> Order Parameter of the transition

Even if the transition is not continuous, in most cases
T(g) is also IRREDUCIBLE, and in the most complex
cases only involves a few irreps




Even if the transition is not continuous, In Most cases
T(g) is also IRREDUCIBLE, and in the most complex
cases only involves a few irreps

This is the basis for the REPRESENTATION METHOD of
modeling magnetic structures

Possible irreps: can be determined mathematically and they are
quite limited both in their number and in their dimension.

The determination of the basis of spin modes for each irrep:
Is also a pure mathematical problem.

The irreps are mathematical constructs. They are tabulated or calculated
by programs.

They do not depend on your specific system. You do not need to know
how to calculate them but you need to know how to use them.



Representation analysis was taken as a “superior” alternative
to magnetic symmetry groups, and it included incommensurate cases

Acta Cryst, (1968), A24, 217
Representation Analysis of Magnetic Structures

By E.F.BErTAUT

Abstract:

In }he analysis of spin structures a ‘natural’ point of view looks for the set of symmetry operations
which leave the magnetic structure invariant and has led to the development of magnetic or Shubnikov
groups. A second point of view presented here simply asks for the transformation properties of a
magnetic structure under the classical symmetry operations of the 230 conventional space groups and

allows one to assign irreducible repr

structures. The superiority of representation theory over symmetry invariance under Shubnikov groups
is already demonstrated by the fact proven here that the only invariant magnetic structures describable
by magnetic groups belong to real one-dimensional representations of the 230 space groups. Representa-
tion theory on the other hand is richer because the number of representations is infinite, i.e. it can deal
not only with magnetic structures belonging to one-dimensional real representations, but also with
those belonging to one-dimensional complex and even to two-dimensional and three-dimensional
representations associated w or on the first Brillouin zone.

[l QTS M S OIS a ramracarfatisan D oAr fha emasaa rsmssaes

It includes incommensurate magnetic structures...

Appropriate SOFTWARE for the calculations were soon developed...



Appropriate SOFTWARE for REPRESENTATION ANALYSIS
were soon developed...

Wi BasIreps Gui Interface i =] s
s

File Run Results Help Exit

Dl =@ 28] 2w x|

Baslreps (version: July-2003, JRC-LLB)
Irreducible representations of Space Groups
Basis functions of polar and axial vector propetties

Code of files: I

Wworking Dirsctory: | [Browse.. |
TEE | SARAR Representational Analysis -
rzronIN ) | Performs the calculations of Representational Analysis. These allow the
[kveoor | [ [ =t | determination of atomic displacements or magnetic structures that can
& PolarVestor € il Vector accompany a second-order phase transition. Qutput files includes a
Numberof doms: [ O] I~ Evplict Sublatices I~ Atoms n it cel tailored summary with cut-and-paste tables written in LaTeX. (Win9x,

] wa wh 5 ﬂ 2000, Vista and Windows T) [1]

Atom #1
soni = Sarah from A.S. Wills

Basirreps from J. Rodriguez-Carvajal

The representation method became the most used method of
analysis, most magnetic structures were determined and reported
without the assignment of a space (or superspace) group symmetry,
not even point-group symmetry.




What is the problem of using “only” irreps?

Commensurate mag netic structures:

Representation o) _

Analysis ¢ . ) Magnetic Symmetry
(irreducible representations, (Shubnikov groups, ...)
basis functions...)

The use of MSGs and Representation Analysis should
not taken as alternative methods!!!

In the case of N-dim irreps several MSGs are
In general possible for the same irrep

Only in the case of 1-dim irreps there is a one to one relation
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In recent decades, sustained theoretical and software developments have clearly
established that representation analysis and magnetic symmetry groups are
complementary concepts that should be used together in the investigation and
description of magnetic structures. Historically, they were considered alternative
approaches, but currently, magnetic space groups and magnetic superspace
groups can be routinely used together with representation analysis, aided by
state-of-the-art software tools. After exploring the historical antagonism
between these two approaches, we emphasize the significant advancements
made in understanding and formally describing magnetic structures by embra-

cing their combined use.

3. How RA and MSGs work together
3.1. General considerations

As previously mentioned, RA and space group symmetry
began to be applied in the analysis of structurally distorted
structures in the 1970s, not as competing approaches, but as
complementary concepts. Following Landau theory, a struc-
turally distorted structure relative to a parent structure of
higher symmetry (real or virtual) can be viewed as the
outcome of a symmetry-breaking instability. In this scenario,
one or more primarv order parameters (unstable distortion

Acta Cryst. (2024). B80, 370-376



Magnetic Symmetry and Applications

MGENPOS General Positions of Magnetic Space Groups

MWYCKPOS Wyckoff Positions of Magnetic Space Groups

MKVEC 4\ The k-vector types and Brillouin zones of Magnetic Space Groups

IDENTIFY MAGNETIC GROUP Lﬂgﬂﬁi;i&a;iggir?;a Magnetic Space Group from a set of generators in an

BNS20G Transformation of symmetry operations between BNS and OG settings

mCIF2PCR Transformation from mCIF to PCR format (FullProf).

MPOINT Magnetic Point Group Tables

MAGNEXT Extinction Rules of Magnetic Space Groups

MAXMAGN \I:/‘Iaac)t(:)r?al magnetic space groups for a given space group and a propagation

MAGMODELIZE Magnetic structure models for any given magnetic symmetry
TUtO rlal_m ag n etl C_SeCt STRCONVERT (ES:;X;?E tf:eEéjl::t, ig?lf%léggatlaﬁ\SP formats -- with magnetic information where available)
iO n_B CS_2 . k-SUBGROUPSMAG Zjap%r:sgﬁ subgroups consistent with some given propagation vector(s) or a
O n l y S€ Ct 1on 2 . 2 MAGNDATA A collection of magnetic structures with portable cif-type files

MVISUALIZE 3D Visualization of magnetic structures with Jmol

MTENSOR 4\ Symmetry-adapted form of crystal tensors in magnetic phases

MAGNETIC REP. Decomposition of the magnetic representation into irreps

Irreps and order parameters in a paramagnetic space group- magnetic

Steminreps subgroup phase transition




Symmetry based modelling of magnetic structures

ALL possible magnetic symmetries for a magnetic phase with
propagation vector (1/2,0,0) and parent space group Pnma

obtained with
k-SUBGROUPSMAG

Pnmal’

Po2:/m P2 /c Pymn2q P,na2,

O 3

Pgi Pazl Pa,m Pa21 P{,C

s

exp(i2rnk.a) = -1

(magnetic cell= (2a,,b,,cp))



Symmetry based modeling in magnetic structures

Possible magnetic symmetries for a magnetic phase with
propagation vector (1/2,0,0) and parent space group Pnma

BUT only those that can be the result of a Landau-type transition
(single irrep order parameter)

Reminder:

Mep= 3 MX1(2) @ 3 mX2(2)

only two irreps, but 6 possible
distinct MSGs

obtained with

k—SUBGROUPSMAG:

Optional: Show only subgroups that can be the result of a Landau-type transition (single irrep order
parameter).




Phase Transition / Symmetry break / Order Parameter

group-subgroup relation:

High symmetry group G =
gh sy Y9 P {g} (c =9 [ | F isotropy subgroup ‘
- .
I(g) Q= 6 High symmetry |ow symmetry

: For special
Irreducible / ! directions of
representation g belongs to R Q. F of higher
of G (irrep) |\ _ — — — — _ _ _ _ _. symmetry:
(matrices) \ W epikernels

| For general
direction of
Q, the lowest
| F: kernel

g does not belong to F: 3’ equivalent |- |
but distinguishable state (domain)

amplitude

Key concept of a symmetry break | +=Order parameter 3: (Q1.Q,) = p (a1,a,)




Possible Magnetic Space Groups (MSGs) for a single irrep:

Isotropy subgroups:

Invariance equation:

~— ~

a

THR, 6t}] |

{R,0]t}is

> conserved
by the magnetic
arrangement

oo |
)

nxn matrix of irrep

Example: ¢ =(R, -1|t}

epikernels

of the irrep,
depending on
the direction
(a,a,...),(a,0,...),
etc...

kernel of the irrep:
operations
represented

by the unit matrix.
MSG kept by any
direction (a,b,...)

0 1 -
_ al _ |a g; will belong to the
T@)=11 o T(gi)[a] - L] 2 MSG if OP=(a,a)




K-SUBGROUPSMAG output:

List of subgroups that can be the result of a Landau-type transition

Get the subgroup-graph

N| Group Symbol Transformation matrix Group-Subgroup| Other members of irreps Magnetic structure models
P Sy index the Conjugacy Class P (MAGMODELIZE)
B 2 0 0 -1/4 _ _
Pana24 (No. 33.149) ( g 3 ‘l’ g ) 4=2x2 Conjugacy Class Get irreps
L -
0 -2 0 -1/4 _ |
2 |Ppmn24 (No. 31.129) ( R - ) 4=2x2 Conjugacy (fess Get ireps
L
0 0 2 0 _ . =
3| Ps241/c (No. 14.82) ( _2 é g g ) 4=2x2 Conjugacy Class Get imreps
B 2 0 0 1/2 _ .
4| Pg24/m (No. 11.55) ( g 3 2 8 ) 4=2x2 Conjugacy Cl Get irreps
B 0 0 2 0 _ _
5 P.c (No. 7.28) ( _2 é g 1/3 ) 8=2x4 Conjuggfy Class Get irreps
B 2 0 0 0 _ .
6 Pam (NO. 621) ( g é 2 l/g ) 8=2x4 njugacy Class Get irreps

Link to Get_mirreps




Get_mirreps: Irreps that are compatible with a given magnetic
phase transition

Input: SG of the paramagnetic phase + MSG of the
magnetic phase and their relation

| Group—subgroup | Transformation matrix

0 -2 0 -1/4
1 0 0 1/4
0 0 1 0

\

for P,mn2,

Pnma1' (N. 62.442)—Pymn21 (N. 31.129)

Representations and order parameters

. . Show the graph of isotropy subgroups
primary irrep

k-%gctors |irreps and order parameters Isotropy sybgroup_ link to the irreps
transformation matrix

Pnma1' (No. 62.442
\ GM1™: (a) a b(C'O 0,0 )
GM: (0,0,0) ,,,,, matrices of the imreps

\\ My~ (2) Pmn241 (N. 3.124)

D 0
X: (1/2,0,0) mX4: (a,a)

D i NI e )

Ppmn24 (No. 31.12
b.-2a,c;-1/4,1/440

matrices of the irreps




Get_mirreps: Irreps that are compatible with a given magnetic
phase transition

Input data
\ Group—subgroup \ Transformation matrix
2 0 0 0
Pnma1' (N. 62.442)—P;m (N. 6.21) ( 0 1 o 1/4 )
0 o0 1 0

for P,m

Representations and order parameters

Show the graph of isotropy subgroups

isotropy subgroup

k-vectors |irreps and order parameters : .
transformation matrix

link to the irreps

rimary irre .. Pnma1' (No. 62.442)
P y p\ GM1*: (a) 2b.c:0.0.0
P24/m1' (No. 11.51)
+.
GM4™: (@) a,b,¢;0,0,0
G 0,0,0) matrices of the irreps

Pmn241' (No. 31.124)
b,-a,c;1/4,1/4,0
Pmc241' (No. 26.67)

GMy™: (a)

GM3™: (a)

matrices of the irreps

X:(1/2,0,0) mXj: (a,b)



k-SUBGROUPSMAG determine the epikernels and kernel of any irrep
‘and produce magnetic structural models complying with them.

| k-Subgroupsmag: Magnetic subgroups compatible with some given propagation vector(s) or

The program k-Subgroupsmag provides the
possible magnetic subgroups of the space
group of a paramagnetic phase (gray group)
which are possible for a magnetic ordering
having a known propagation vector. The
program provides the set of magnetic
subgroups or a graph showing the
subgroup-tree (grouped into conjugacy
classes). In both cases, more information
about the classes or subgroups can be
obtained.

Other alternatives for the input of the program:

* An alternative parent (non gray) magnetic
group can be chosen.

« Instead of the whole set of subgroups, the
output can be limited to subgroups having a
chosen common subgroup of lowest
symmetry, common point group of lowest
symmetry, or groups which belong to a specific
crystal class.

« Further restrictions on the subgroup list/graph
considering physical properties can be used: it
is possible to ask for only centrosymmetric or
non-centrosymmetri groups, polar or non-polar
groups.

« More than one propagation wave-vector can
be chosen.

* The whole (or partial) stars of vectors can be
introduced.

« Non magnetic modulation wave-vectors can be
also introduced.

a_Inetaad nf nrannanatinn wava-vartnre a

a supercell.

choose it
136

Enter the serial number of the space group of the parent
paramagnetic phase:

Choose an alternative magnetic group
Alternatively give the operations of the space group in a non-standard setting

Introduce the magnetic wave vector(s)
Alternatively give the basis vectors of the supercell
(Give the components of the wave vectors in a fractional form, n/m)
k-]x 0 k1y 0 k-]z 0
Show the independent vectors of the star

Choose the whole star of the propagation vector

<

More wave-vectors needed

3

O O
O S
E?

Optionally give also non-magnetic modulation wave-vectors

@D

nsurate

Include the subgroups compatible with intermediate cells.
(It is not applied when only the maximal subgroups are calculated)

filter

Optional: refine further the subgroups of the output giving the Wyckoff positions of
atoms

Give the Wyckoff positions Wyckoff

by
irreps

Optional: refine further the subgroups of the o giving a set of irreps

Choose the irreps Representations




Possible MSGs for a magnetic structure with space group Pnma,
with propagation vector k=(1/2,0,0), and a magnetic ordering
according to the irrep mX1.

Pnmal’ possible competing
pr)ase in the phase diagram
3 parameters / 3 parameters
Pymn2q P,21/m
HoMnO,
Pam 6 parameters

Mep= 3 !r(nX1(2) @ 3 mX2(2)

6 basis spin modes: 6 parameters




Symmetry based modeling in magnetic structures

Possible magnetic symmetries for a magnetic phase with
propagation vector (1/2,0,0) and parent space group Pnma

BUT only those that can be the result of a Landau-type transition
(single irrep order parameter)

case : The MSG of structure is only

obtained with compatible with a single irrep.

k-SUBGROUPSMAG

3-parameters

2-dim irrep mXx2 (k=(1/2,0,0))

-

2-dim irrep mX1 (k=(1/2,0,0))

-
/ \
/ )
I |
\ /
\\ ;l\ G
. P AN pm || 6-pargaieters
~~~~-- ——”’f ~~~~- ——”’f
B o6-dim o-dim =~~~
'3 '3

M;ep=3 MX1(2) & 3 mX2(2)



f‘<!—>‘U'

=0»

=0»

«O=

magnetic space group:

oy 0
—o» :#

«@:ﬁ,

HoMnO,; (Magndata #1.20)

parent space group: Pnma, k=(1/2,0,0)

transformation from parent structure: (2a,b,c;0,0,0)

BNS magnetic space group: Ppmn2; (#29.104) (non-standard)
Transformation to standard setting: (-b,a,c;1/8,1/4,0)

k-maximal symmetry

-X+3/4,-y,z+1/2,-1

{2'00113/401/2}

x+1/2,-y+1/2,z,-1

{mo10]1/21/20}

-x+3/4,y+1/2,z+1/2,-1

N (x,y,2) Seitz notation

1 X,y,Z,+1 {110}

2| -x+1/4,-y,z+1/2,+1 | {2001]11/401/2}
3 X,-y+1/2,z,+1 {mg10]01/20}
4 [-x+1/4,y+1/2,z+1/2,+ [ {mqgp | 1/4 1/21/2 }
5 x+1/2,y,z,-1 {1'11/200}

6

7

8

{ m‘100 | 3/141/2 1/2}

Label | Atom type X y z Multiplicity | Symmetry constraints on M| My |My Mz | [M|
Mn Mn 0.00000|0.00000(0.50000 8 My, My, M; 3.87|0.0|0.0|3.87
NOT symmetry forced

2-dim irrep mX1 but restricted to a special
direction:
fixed combination of each pair of spin basis
functions => half number of degrees of

freedom with respect to the only restriction to

the i

rrep

Does the identification of the irrep bring some additional knowledge or

constraint? ...NO
(Because the MSG of structure is only compatible with a single irrep...)




The number of possible epikernels for an irrep increases wih the
dimension of the irrep:

BasNb,NiO, | Tutorial 2 = k=(1/3,1/3,1/2) 4-dim irrep mH3
(magndata #1.13)
P.31c P.31m C.2/c Ce2/m C.2/c C.2/m
1 2 4 6 5 7
P.3 C.e (@) C.m Ps1 Ps1 @32
3 8 10 9 13 12 11

14

13 distinct epikernels for 4-dim irrep mH3 of P-3m1 (some k-maximal
and some not)



Another example irreps vs MSG with some more complications:

Mn,;Sn
k=(0,0,0)

P6.,/mmc. 1- > 77

Mn Wyckoff position: 6h (x,2x,1/4)

194

5.665 5.665 4.531 90 90 120
2

Mn1l 6h 0.8388 0.6776 0.25
Snl 2d 0.33333 0.66667 0.25




Mn;Sn
k=(0,0,0)

P6.,/mmc1’ > 77

Possible magnetic symmetries for a magnetic phase with
propagation vector (0,0,0) and parent space group P6s/mmc

Only those that can be the result of a Landau-type transition (single irrep order parameter):

Cm'em Cmdm Cm/em/ Cmdc'm' Cm'c'm/ Cmem/' Cm'dm Cmem

NS NS/ N/ N/

P2 /m P2 /m/ P2, /m/ P2, /m




Mn;Sn
k=(0,0,0)

P6.,/mmc1’ > 77

Possible magnetic symmetries for a magnetic phase with
propagation vector (0,0,0) and parent space group P6s/mmc

Only those that can be the result of a Landau-type transition (single irrep order parameter):

order parameter irrep (CDML notation):

mGM3- G- G4+ M2+ mGM1+
mGM5+
mGM6- mGM6+ MGMS- ——————
s =~ =5 - ¢ - & ~

’ ’ - S S i vy
Y Cm/cm Cmcm | ¢ Cmlen/ Cmdm/ |™ Jm” ! Cmem! 4| Cm'dm Cmem |\
% N/ S ) S \
/ \ \l\ |
| \ / i ‘ \ / ‘

I
\ , \ /
\\ P2\ /m . P2 /m ,/,

not k-maximal but possible as the result of a single active irrep



Mn;Sn
k=(0,0,0)

P6.,/mmc1’ > 77

Possible magnetic symmetries for a magnetic phase with
propagation vector (0,0,0) and parent space group P6s/mmc (LANDAU)

U
4 A
| 1 .
\ I not k-maximal symmetry
U
\\ P2 /m/ 7
N 4
~ b
~ ~ -_— e - - - -
Deséompbsition of the magnetic representation(s) into irreps.
6h:(x,2"x,1/4) — 1xmGM1-(1) € 1xmGM2+(1) @ 1xmGM2-(1) F

@® 1xmGM3-(1) ® 1xmGM4+(1) ® 1xmGM5+(2) & 2xmGM5-(2) ¢ @) 1xmGM6-(2)



In this case, the MSG of the M

structure is compatible
with more than one irrep 1-dim irrep MGM3+

Cmcm’ | 2-dim irrep mGM6+

Von Neumann principle:

Everything that keeps the symmetry Cmc’m’ is allowed and can happen...

Anything that keeps the symmetry P6’;/m’mc’ keeps the symmetry of its subgroup Cmc’m’
THEREFORE.... a spin arrangement according to the irrep mGM3+ is also allowed in the

structure with MSG Cmc’m’



.

Wave-vectors of the star (1 vector):

Number of free parameters for the
mGM6+ ordering, depending on the
constraint to one of the possible

MSGs

2 parameters

Mn;Sn

magndata 0.200

GM:(0,0,0)

Descomposition of the magnetic representation(s) into irreps.

Bh:(x,2*x,1/4)

(-b,2a+b,c;0,0,0

k=(0,0,0)

2-dim irrep mGM6+

4 basis functions/vectors

2 parameters

P\

(-b,2a+b,c;0,0,0)

FM along 2a+b FM along b ﬂ
! 'd T
P2;/m 4 parameters magndata 0.199
— 1xmGM1-(1) ® 1xmGM2+(1) D 1xmGM2-(1) @ 1xmGM3+(1) D

@ 1xmGM3-(1) ® 1xmGM4+(1) ® 1xmGM5+(2) @ 2><mGIVI5—(2 1xmGM6-(2)



Mn;Sn (MAGNDATA #0.199)

P6s/mmc1’

_space_group_magn.transform_BNS Pp_abc '-b,2a+b,c;0,0,0°

_space_group_magn.number_BNS 63.463

_Space_group_magn.name_BNS "Cmc' m™

_cell_length_a 5.66500
_cell_length_b 5.66500
_cell_length_c 4.53100
_cell_angle_alpha 90.00
_cell_angle_beta 90.00

_cell_angle gamma 120.00

loop_
_Space_group_symop_magn_operation.id
_Space_group_symop_magn_operation.xyz

> Cmc’m’ (-b, 2a+b, c; 0,0,0)

loop

_atom_site_label
_atom_site_type_symbol
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract z

Mnl 1 Mn 0.83880 0.67760 0.25000
Mnl 2 Mn 0.32240 0.16120 0.25000
Snl Sn 0.333333 0.666667 0.25000

loop__
_atom_site_moment.label

_atom_site_moment.crystalaxis_x
_atom_site_moment.crystalaxis_y
_atom_site_moment.crystalaxis_z

_atom_site_moment.symmform

1x,y,z,+1

2 -X,-X+Y,-Z,+1 2 parameters if the mGM3+ component
3 -X,-y,-Z,+1 is set to zero. Only one parameter

4 X,%-y,z,+1 because in addition, the two moment

5 x,x-y,-z+1/2,-1 | magnitudes are forced to be equal.

6 -X,-y,z+1/2 -1 T —
7 -X,-X+y,z+1/2,-1

8 x,y,-z+1/2,-1

loop_

_Space_group_symop_magn_centering.id
_space_group_symop_magn_centering.xyz
1x,y,z,+1

ﬁv“_mid&%l.) 3.00 0.00000 mx,my,0
Mn1_2 0.00000 -3.00 0.00000 0,my,0

3 parameters becausein

addition to the constrained mGM6+
arrangement, also a mGM3+ component

is also physically possible in the same phase




Other programs that determine the epikernels and kernel of any irrep,
and produce magnetic structural models complying with them.

Program for mode analysis: (with irrep mode decomposition!)
ISODISTORT http://stokes.byu.edu/iso/isotropy.php  Stokes & Campbell, Provo

Version 6.1.8, November 2014
Harold T. Stokes. Branton J. Campbell, and Dorian M. Hatch, Department of Physics and Astronomy, Brigham Young University, Provo, Utah, 84602, USA,

stokesh@byu.edu

Description: ISODISTORT is a tool for exploring the structural distortion modes of crystalline materials. It provides a user-friendly interface to many of the
algorithms used by the Isotropy Software Suite, allowing one to generate and explore distortion modes induced by irreducible representations of the
parent space-group symmetry. It also provides a Java applet for visualizing and interactively manipulating the free parameters associated with these modes.

Help, Tutorials, Version History

NOTICE: Version 6.1 is a major new release. We appreciate your bug reports -- please send relevant input files along with the html page showing the failed
output.

Legacy copy of ISODISTORT version 5.6.1, August 2013 Both programs also support incommensurate
cases, deriving epikernels and kernel of the irreps
in the form of MSSGs, and corresponding

Get started quickly with a cubic perovskite parent. m ag n etl C m Ode|S

Import parent structure from a CIF structure file: Browse... | No file selected.

Begin by entering the structure of parent phase: @

Program for structure refinement:

Institute of Physics  http://jana.fzu.cz/ V. Petricek, Prague

Department of Structure Analysis Academy of Sciences | Institute of Physics
Cukrovarnicka 10 Dept of Structure Analysis | Laboratory of Crystallography
16253 Praha 6 ECA-SIG#3 | Contact Us

Czech Republic

CRYSTALLOGRAPHIC COMPUTING SYSTEM FOR STANDARD AND MODULATED STRUCTURES

Vaclav Petricek, Michal Dusek & Lukas Palatinus

News H

lncmcsmans MA ANAE ANRNEDIANIOANALE. Alaleant avhmainain; Adandli;a 2N Al




FullProf can refine under a MSG the amplitudes of the irrep
modes compatible with the MSG using output of ISODISTORT

Part of the pcr file created with ISODISTORT: This is the future and is
AMPLIMODES for FullProf FIX xyz al ready avallablel
iNat Dis Ang Prl Pr2 Pr3 Jbt Irf Isy Str Furth ATZ Nvk Npr More

2 2 0 2 1000.0 0 7 0

Cmc'm' number: 63.463 <——Magnet1c Space Group Symbol (UNI symbol and BNS number)

Transform to standard: <——Basis transformation from alt setting to standard BNS

arent space group: mmc _number: <—Nonmagnetic Parent Group

Transform from Parent: a b,c;0,0,0 <——Basis transformation from parent to current setting
|

! Atom Typ Mag Vec X Y z Biso Occ N_type Spc/Fftype
! Rx Ry Rz Ix Iy Iz MagPh
Mn1_1 MMN2 1 © -0.16120 0.67760 ©.25000 0.50000 ©0.50000 1 1
0.00 0.00 0.00 0.00 0.00
0.00000 ©0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
0.00 0.00 0.00 0.00 0.00
Mn1_2 MMN2 1 © -1.67760 —-0.83880 0.25000 0.50000 0.25000 1 1
0.00 0.00 0.00 0.00 0.00
0.00000 ©0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
0.00 0.00 0.00 0.00 0.00
Snl SN @ © -0.66667 -0.33333 0.25000 ©.50000 0.25000 0 2
0.00 0.00 0.00 0.00 0.00
! Basis vectors of magnetic symmetry modes for each atom
M_MODES 6
! Nm Atom Irrep Mx My Mz Coeff
1 Mn1_1 mGM3+ 0.0721 0.0000 ©0.0000 1.00 } mode 1 mGM3+

1 Mnl 2 mGM3+ 0.0000 0.0721 0.0000 1.00

F mode 2 mMGM6+

3 Mnl_2 mGM6+ 0.0000 -0.1019 0.0000 1.00 }mode 3 mGM6+
! Amplitudes of Magnetic Symmetry Modes
MA_MODES 3 2
Al_mGM3+ 0.00000 1.00 _ _
A2_mGM6+ 0.00000 1.00 mode amplitudes to refine
A3_mGM6+ 0.00000 1.00




FuéREnpean tfine ipaebaditSietieramplisudss of the irrep
modes compatible with the MSG using output of ISODISTORT

Part of the pcr file created with ISODISTORT:

! Basis vectors of magnetic symmetry modes tor each atom
M_MODES 6 Mnl 1 (a,0,0)
I"'Nm Atom Irrep Mx My Mz Coeff /' Mnl 2 (0,a,0)
1 Mn1_1 mGM3+ 0.0721 0.0000 ©.0000 L. ae F mode 1 mGM3+ =
1 Mnl 2 mGM3+ 0.0000 _0.0721 0.0000

2 Mn1_1 mGM6+ 0.0510 0.1019 0.0000 1 00
2 Mn1_2 mGM6+ 0 000@ 0. 000@ 0. 000@ 1. 00

I mode2mG|\/|6+\ Mnl_1 (a2a,0)

3 nf_l:2 nGM6+ e 2000 -0.1010 0.0000 1.00 }mode 3 mGM6+ Mnl1l 2 (0,0,0)

Mnl 1 (a,0,0)
Mnl 2 (0,-2a,0)

A1l_mGM3+ 0.00000 1.00
A2_mGM6+ 0.00000 1.00

A3_mGM6+ 0.00000 1.00

Refinement in terms of the amplitudes of the three
irrep basis modes/vectors compatible with the MSG

Description of the posible irrep basis vectors involved in the structure under
a fixed MSG: The spins of all atoms in the unit are NOT needed! Only
those in the asymmetric unit. The MSG operations takes care of rest.

When defined under the MSG symmetry of the structure, the description of

the basis modes/vectors.
- does not require complex functions
- does not require full listing of the spins in the unit cell.



FullProf can refine under a MSG the amplitudes of the irrep
modes compatible with the MSG using output of ISODISTORT

Part of the pcr file created with ISODISTORT:

! Basis vectors of magnetic symmetry modes tor each atom

M_MODES 6 Mnl 1 (a,0,0)

! Nm Atom Irrep Mx My Mz Coeff /' Mnl 2 (0,a,0)
1 Mn1_1 mGM3+ 0.0721 0.0000 0.0000 1. ae F mode 1 mGM3+

2 Mn1_1 mGM6+
2 Mnl1_2 mGM6+

3 Mn1_2 mGM6+

A1_mGM3+
A2_mGM6+
A3_mGM6+

0.0000 0.0721 0.0000 1.0
0.0510 0.1019 0.0000 1. 00
0 600@ 0.0000 0. 0000 1. 00

. 099 U Uy

0 6000 -0.1019 0. 0000 1 00

0.00000
0.00000
0.00000|

mmetry Modes

1.00
1.00
1.00

'+ mode 2 mGM6+

}mode 3 mGM6+

N

Mnl 1 (a,2a,0)
Mnl 2 (0,0,0)

Mnl 1 (a,0,0)
Mnl 2 (0,-2a,0)

Refinement solution in terms of the amplitudes of the three irrep basis modes:

Al mGM3+=0 A2 mGM6+=A_3mGM6+ = some equal value

Choice of basis modes for each irrep is not unique, if several ones.
Alternative linear combinations are posible modes:

Mnl_ 1 (a,2a,0) Mnl_1 (a,0,0) _|Mn1.1 (2a,23,0) | __|Mn1_1 (1,1,0)
Mnl 2 (0,0,0) + Mnl 2 (0,-2a,0) ~ [ Mnl1_2 (0,-2a,0) | | Mnl1_2 (0,-1,0)
Mnl 1 (a,2a,0) Mnl 1 (a,0,0) _|Mn1.1 (0,2a,0)| __|Mnl_1 (0,1,0)
Mnl 2 (0,0,0) " | Mnl1_2 (0,-2a,0) ~— |Mn1_2 (0,2a,0)| | Mnl_2 (0,1,0)




from the mCIF file of the structure:

- The secondary irrep mGM3+ spin
mode is absent.
- Only the irrep mGM6+ mode is

loop
_atom_site_moment.label

_atom_site_ moment.symmform

_atom_site_moment.crystalaxis_x
_atom_site_moment.crystalaxis_y
_atom_site_ moment.crystalaxis_z

Mn1_13.00(1) 3.00 0.00000 mx,my,0
Mn1_2 0.00000 -3.00 0.00000 0,my,0

present, but the model includes an
additional constraint (c,=0), which is
not forced by the restriction to this
singleirrep. Itis a FM mode along b

(weak Ferromagnetism )

Magnetic moment components (u
of magnetic atoms, symmetry
constraints and moment
magnitudes

Mn1_1 3.00(1) 3.00 0.0 (mx,my,0
Mn1 2 0.0 -3.00 0.0 (0,my,0

Primary basis mode(s) and
amplitude(s) Ci (in ps)

mGMé6+, mode 1:
Mnl1 (1,1,0) C1=3.00(1)
Mn1_2 (0,-1,0)

mGMé6+, mode 2: C2=0.0
Mnl1_1 (0,1,0)
Mn1_2 (0,1,0)

Secondary basis mode(s) and
amplitude(s) Ci (in pg)

mGM3+, mode 3:
Mnl1_.1 (1,0,0)




What about magnetic incommensurate structures?

Their symmetry is given by
a magnetic superspace group (MSSG)
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TOPICAL REVIEW

Magnetic superspace groups and
symmetry constraints in incommensurate
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Abstract

Superspace symmetry has been for many years the standard approach for the analysis of
non-magne tic modulated crystals becanse of its robust and efficient teatment of the stroctural
constraints present in incommensurate phases. For incommensurae magnetic phases, this
peneralized symmetry formalism can play a similar role. In this context we nreview from a
practical viewpoint the superspace formalism particularized to magnetic incommensurate

mhneaes Wia annheen im dainal tha mlsbioeos hahsman tha daeemmboos sseinn sama renanss meememaiee



Ce,Pd,Sn magndata1.1.9

superspace group: Pbam1'(a00)0s0s

space inversion is maintained !

k= (a,0,0)

space inversion conserved

Kernel

{1’]1000%2 }
and {-1|0000}

[only one irrep mode)

symmetry of the
phase

Pbam1'(a00)000s
[2 parameters]
Pbam1'(a00)0sss
[4 parameters]
Pbam1'(a00)00ss
[4 parameters]

Pbam1'{a00)0s0s
[2 parameters]

parent space group: P4/mbm


http://webbdcrista1.ehu.es/magndata/index_incomm.php?index=1.1.9

Beware when interpreting ISODISTORT output:

ISODISTORT: order parameter direction

Space Group: 127 P4/mbm D4h-5, Lattice parameters: a=7.76200, b=7.76200, c=3.93000, alpha=90.00000, beta=90.00000, gamma=90.00000
Default space-group preferences: monoclinic axes a(b)c, monoclinic cell choice 1, orthorhombic axes abc, origin choice 2, hexagonal axes, SSG !
Cel 4h (x,x+1/2,1/2), x=0.17810, Pd1 4g (x,x+1/2,0), x=0.37340, Pd2 4e (0,0,z), z=0.31900, occ=0.03100, Sn1 2a (0,0,0), occ=0.93800

Include strain, displacive ALL, magnetic Ce distortions

k point: DT (0,b,0), b=0.70000 (1 incommensurate modulation/2 arms) | OQne Ssin g le Order Parameter

RmDTt | can be misleading! with ANY OP direction (a,b;0,0)
Finish s

W by choosing an order parameter direction @
OP,(30;0,0) 55.1.9.4.m354.2 Pcma1'(0,0,9)000s, basis={(1,0,0,0),(0,0,-1,0),(0,1,0,0),(0,0,0,1)}, origin=(0,0,0,0), s=1, i=2, k-active= (0,0.300,0)

a,b;0,0) 26.1.9.1.m67.2 Pmc2_11'(0,0,9)000s, basis={(0,0,1,0),(1,0,0,0),(0,1,0,0),(0,0,0,1)}, origin=(1/4,0,0,0), s=1, i=4, k-active= (0,0.300,0)

it requires 2 independent Order
Parameters
OP1(a,b;0,0)+OP2(a’,b’;0,0) — | with the same irrep

(Landau condition is NOT fulfilled)




Two possible higher alternative superspace symmetries for the
same irrep.

k=(%,%,y) _
irrep: mP2p3 (4-dim)

L% N TR S . L

Ny BSONY R N
N B e G

Ny Y g,

(%EM, %EM, 0)cos(xs) + (M, 0, 0)sin¢(4) (M,, M, M )cos(xs)




Rb Fe(l\/lc)C)4)2 : A phase diagram with phases and symmetries
caused by a single active 4-dim magnetic irrep

No polarization

Non-polar symmetry:

4

Magnetic field
along [1,-1,0]

Magnetic Field (Tesla)

PT (e, ,7)0s o~

P31 (5,5, 7)ts

I I |

~

P31 _

(P1)

Polar symmetry:
induced (improper ferroelectricity)
Multiferroic phase

0.2

0.4 0.6 0.8 1.0
Reduced Temperature (T/Ty)

1.2

Phase diagram
after
Kenzelmann et al.

PRL 2007



Conclusions 1:

* The assighment of MSG is a must: Whatever method is employed to
determine a commensurate magnetic structure, the final model has
necessarily a certain symmetry that must be given by a MSG, which
should be identified.

* The description using the MSG in a crystallographic form is the best
“way”: The simpler, more robust and unambiguous form of describing a
commensurate magnetic structure is to use consistently its MSG and only
give the atomic positions and magnetic moments of a set of

symmetry independent atoms with respect to this MSG.

« The MSG is relevant for all properties: Properties of commensurate
magnetic phases are constrained by their MSG, including their atomic
positions. Any possible magneto-structural induced effect is constrained
by the MSG.



Conclusions 2:

* Representation analysis of magnetic structures is NOT in general
equivalent to the use of magnetic symmetry (i.e. to give an irrep is
not equivalent to give the magnetic space (superspace) group of the
system).

* Irrep constraints additional to those of the MSG are not needed in
most cases: Only in the less frequent case that the MSG of the structure
IS compatible with more than one irrep for the magnetic arrangement, the
restriction to a single irrep introduces additional constraints not taken into
account by the MSG, and their existence has to be indicated extra. In
these cases the best approach is to combine magnetic symmetry and
representation analysis.

* In the case of incommensurate structures similar considerations
apply but with MSSGs: The symmetry of these systems is described
by the so-called magnetic superspace groups (MSSGSs).
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