Magnetic order from neutron diffraction :
application of representation decomposition &
Shubnikov symmetry

Vladimir Pomjakushin
Laboratory for Neutron Scattering LNS, Paul Scherrer Institute,
Switzerland

This lecture, and some others:

http://sing.web.psi.ch/sing/instr/hrpt/praktikum.html

can be accessed from web page of neutron
diffractometer HRPT

http://sing.web.psi.ch/hrpt
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http://sinq.web.psi.ch/hrpt

Plan

e |ntro to propagation vector description in zeroth block of
the cell & neutron structure factors. (5)

o RbxFe2.ySeo: k=0 “simple” case. (6)
o (CaszCuiNix(POy4)s: multi-arm case. Shubnikov Ca2/c. (12)

¢ TmMnOas:

e (Constraints on basis functions vs. superspace for the
incommensurate two arm k=[+1/2+06,0,0]. Both
centrosymm and non-centrosymm.

e (One-arm multi dimensional irrep k=[1/2,0,0], Shubnikov
Pomn21.(24)
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Propagation vector k formalism. Spin amplitudes S, are
specified in zeroth block of the cell==parent cell w/o

centering translations. All C, I, ¥, R —> Primitive

Magnetic moment L 1 2mit, (+k) * 2mit, (—k)
below a phase transition S(t”) T 5 (Sge T SO6
Bragg peaks at In general |
L -k is nonequivalent to +k
q = HTk e -k+k+’recip. latt. period’

multi-k or multi-arm * structure
(non-equivalent ki, ko, ... k).

1 . .
S(t,) = Z — (Sozezmt”(Jrk) + SSZBQMt”(_k))

2
=1

* One must distinguish between the arms

and the rwin domains
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Propagation vector formalism k0

1 . .
Magnetic moment S(tn) — §(SO€+2mtnk + Sge—thnk)

T Bloch waves

Fourier amplitude is complex  §, — Sxei% + Sy€i¢y 4 Szei¢z
(In general, one can not avoid
this in 3D for k# 0 or 1/2)

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4



Propagation vector formalism k0

1 . .
Magnetic moment S(tn) — §(SO€+2mtnk 4+ SE;@_QT”tnk)

T Bloch waves

Fourier amplitude is complex  §, — Sxei% + Sy€i¢y 4 Szei¢z
(In general, one can not avoid
this in 3D for k# 0 or 1/2) modulated (in)commensurate

Oth cell helix

T

k=[0,0,k,]

>
5
>
e

J 494
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Propagation vector formalism k0
: 1 +2mit, Kk * —2mity,k
Magnetic moment S(tn):§(Soe + Spe )
T Bloch waves

Fourier amplitude is complex  §, — Sxezﬁbw + Syezﬁby 4 Szelﬁbz
(In general, one can not avoid

this in 3D for K# 0 or 1/2) o modulated (in)commensurate

€liX

Oth cell — @
k=[0,0k] | =

helix V

i I
So1 = S, Sy67 =S, ZSy v o @

0, = 2mit,k

S(t,,) = Sz cos(pn) + Sy sin(py,) ‘ v
= v
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Propagation vector formalism k0
: 1 +2mit, Kk * —2mity,k
Magnetic moment S(tn):§(Soe + Spe )
T Bloch waves

Fourier amplitude is complex  §, — Sxezﬁbw + Syezﬁby 4 Szelﬁbz
(In general, one can not avoid

this in 3D for K# 0 or 1/2) modulated (in)commensurate
Oth cell  helix
N/ = ! —
k=[0,0,k,] | = v -
helix Vioyo
SOl — Sx Sye%T — ng ZSy v S @ @ t B
0, = 2mit,k -
S(t,) = Sz cos(pn) + S, sin(py,) = YV N to—
e -
Vo
cycloidal -~

spiral SDW
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Propagation vector formalism k0
Magnetic moment  S(t,,) = %(Soe‘ﬂm%k + Sge_th”k)
T Bloch waves

Fourier amplitude is complex  §, — Sxezﬁbw + Syezﬁby 4 Szelﬁbz
(In general, one can not avoid

this in 3D for K# 0 or 1/2) . modulated (in)commensurate
Oth cell  helix
N/ = ! —
k=[0,0,k,] | = v -
helix Vioyo
17T > -
SOl — Sx Sy67 — ng ZSy v P @ @ t
0, = 2mit,k -
S(t,) = Sz cos(pn) + S, sin(py,) = YV N to—
e
l e
cycloidal spiral V —
cycloidal -~

SOl — Saj + ’LSy -+ SZG P Spir'al SDW
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Calculations of the scattering intensity:
structure factors in zeroth block of the cell

are calculated using complex scattering
amplitudes
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Scattering from the lattice of spins.
Structure factor ¥(q)

In ND experiment we measure correlators of Fourier transform of magnetic lattice

Tl (?(q) F*(q) +iP - [F(q) x F*(q)]) - 6(H £k — q

[polarized neutron T Bragg peak at
structure factor (chiral) term. q=HTFk
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Scattering from the lattice of spins.
Structure factor ¥(q)

In ND experiment we measure correlators of Fourier transform of magnetic lattice

% o (F(a) - F*(a) + P [F(q) x F*(q)]) - S(H £ k — q)
I [polgrized neutron T Bragg peak at
structure factor (chiral) term. q=HFk
Sum runs over all atoms in zeroth cell
—k = Z S exp (ir;q) q)tk = Z S exp (ir;q)

ﬁ

Complex amplitude
of spin modulation
perpendicular to g

position of spin in
the zeroth cell
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Scattering from the lattice of spins.
Structure factor ¥(q)

In ND experiment we measure correlators of Fourier transform of magnetic lattice

do i | )
pro x (F(q)-F(q)+:P-|[F(q) xF(q)])-6(H+k —q)
I [polarized neutron T Bragg peak at
structure factor (chiral) term. qg=HTk
Example: one atom in a cell for helical structure
1~ S .
F(q)_l_k, = 5301J_ — 5(1633 = ’Ley)

Complex amplitude
of spin modulation
perpendicular to g

spin 1n xy-plane
S(t,) = s(ey cos(2mikt,,) £ e, sin(2mikt,,))
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Scattering from the lattice of spins.
Structure factor ¥(q)

In ND experiment we measure correlators of Fourier transform of magnetic lattice

o (F(a) - F(a) + iP - [F(q) x F*(q) - S(H £k —
I [polgrized neutron T Bragg peak at
structure factor (chiral) term. q=HTFk
Example: one atom in a cell for helical structure
F(q)+x = %S;l = g(lex + ie,)

"N

Complex amplitude
of spin modulation
perpendicular to g

Chirality
spin 1n xy-plane
S(t,) = s(ey cos(2mikt,,) £ e, sin(2mikt,,))
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Scattering from the lattice of spins.

Structure factor ¥(q)

In ND experiment we measure correlators of Fourier transform of magnetic lattice

do
dQO(I

structure factor

(F(aq) - F*(q) + P {[F(q) x F*(q)])

[polarized neutron
(chiral) term.

. §(H -

:k—q)

[ Bragg peak at

q:

HFxk

Example: one atom in a cell for helical structure

2

Fla) 1k =58 = (le, +ie,) [Fa) x F*(q)] = % (F2i)[es x ]

Complex amplitude
of spin modulation
perpendicular to g

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4

N\

Chirality

spin 1n xy-plane
S(t,) = s(ey cos(2mikt,,) £ e, sin(2mikt,,))



Two ways of description of magnetic
structures

Magnetic structure 1s an axial vector function S(r) defined on the discreet
system of points (atoms), €.g. S(r) =s(r1) @ s(r2) ® s(r3) @ s(rs)
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Two ways of description of magnetic
structures

Magnetic structure 1s an axial vector function S(r) defined on the discreet
system of points (atoms), €.g. S(r) =s(r1) @ s(r2) ® s(r3) @ s(rs)

Y

1. gS(r) = S(r) to itself, where g € subgroup of
SG®1’, 1’=spin/time reversal, SG (space group)

PN
SR

or

2. gS(r) —> S’°(r) to different function defined on
the same system of points, g& SG
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) =5 0 Fwoeway§oof description of magnetic
91°, 1’=spin reversal, SG (space group)
structures

r) = S°(r) to different function defined on the
e system of points, g€ SG
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Two ways of description of

1. gS(r) = S(r) to itself, where g € subgroup of
SG®1°, 1’=spin reversal, SG (space group)

or

2. gS(r) = S’(r) to different function defined on the
same system of points, g€ SG

structures

1. Magnetic or Shubnikov groups MSG. Historically the first
way of description. A group that leaves S(r) invariant under a

subgroup of G®1°. Identifying those symmetry elements that

leave S(r) invariant.

Similar to the space groups (SG 230). The MSG symbol looks

similar to SG one, e.g. [4/m’

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4

magnetic



Two ways of description of magnetic

1. gS(r) = S(r) to itself, where g € subgroup of

SG®1°, 1’=spin reversal, SG (space group) s f r u c f u r e s

or

2. gS(r) = S’(r) to different function defined on the
same system of points, g€ SG

1. Magnetic or Shubnikov groups MSG. Historically the first
way of description. A group that leaves S(r) invariant under a
subgroup of G®1°. Identifying those symmetry elements that
leave S(r) invariant.

Similar to the space groups (SG 230). The MSG symbol looks
similar to SG one, e.g. [4/m’
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87.1.733 14/m
87.2.734 14/m1'
87.3.735 14'/m
87.4.736 14/m'
87.5.737 14'/m'’
87.6.738 l-4/m
87.7.739 l-4'/m
87.8.740 . 4/m'
87.9.741 l-4'/m’



Two ways of description of magnetic

1. gS(r) = S(r) to itself, where g € subgroup of

SG®1°, 1’=spin reversal, SG (space group) s f r u c f u r e s

or

2. gS(r) = S’(r) to different function defined on the
same system of points, g€ SG

1. Magnetic or Shubnikov groups MSG. Historically the first
way of description. A group that leaves S(r) invariant under a
subgroup of G®1°. Identifying those symmetry elements that
leave S(r) invariant.

Similar to the space groups (SG 230). The MSG symbol looks
similar to SG one, e.g. [4/m’

2. Representation analysis. How does S(r) transform
under g € G (space group)?

S(r) is transformed to S'(r) under g € G according to a
single irreducible representation™ 1i of G. Identifying/
classifying all the functions S'(r) that appears under all
symmetry operators of the space group G

*each group element g --> matrix t(g)
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Two ways of description of magnetic

1. gS(r) = S(r) to itself, where g € subgroup of
SG®1°, 1’=spin reversal, SG (space group)

or

2. gS(r) = S’(r) to different function defined on the
same system of points, g€ SG

1. Magnetic or Shubnikov groups MSG. Historically the first

way of description. A group that leaves S(r) invariant under a

subgroup of G®1°. Identifying those symmetry elements that

leave S(r) invariant.

Similar to the space groups (SG 230). The MSG symbol looks

similar to SG one, e.g. [4/m’

2. Representation analysis. How does S(r) transform
under g € G (space group)?

S(r) is transformed to S'(r) under g € G according to a
single irreducible representation™ 1i of G. Identifying/
classifying all the functions S'(r) that appears under all

14/m, k=0 has 8 1D irreps 1i,... Ts.

structures

MSG Example:
87.1.733 14/m
87.2.734 14/m1'
87.3.735 14'/m
87.4.736 14/m'
87.5.737 14'/m'’
87.6.738 l-4/m
87.7.739 l-4'/m
87.8.740 . 4/m'
87.9.741 l-4'/m

irrep Example:

symmetry operators of the space group G
h |

his

/14

[

/115

*each group element g --> matrix 1(g) 5

~
Pt et e -
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Two ways of description of magnetic

MSG Example:
Sfrucfures 87.1.733 14/m
87.2.734 14/m1’
87.3.735 14'/m
1. Magnetic or Shubnikov groups MSG. Historically the first
way of description. A group that leaves S(r) invariant under a 874.736  W/m
subgroup of G®1°. Identifying those symmetry elements that 875737  |4'/m'
leave S(r) invariant.
Similar to the space groups (SG 230). The MSG symbol looks 87.6.738  lp4/m
similar to SG one, €.g. I4/m’ 87.7.739 . 4'/m
2. Representation analysis. How does S(r) transform 87.8.740 Il 4/m’
(?
under g € G (space group)® 87.9741  1.4'm
S(r) is transformed to S'(r) under g € G according to a
single irreducible representation™ t; of G. Identifying/ irrep Example:

classifying all the functions S'(r) that appears under all 14/m, k=0 has 8 1D irreps 1i,... Ts.

symmetry operators of the space group G
h | h 14 / 14 h 15

T | 47 2. 4

*each group element g --> matrix 1(g) 5
[
[

l I l

—_— —_— —_— —_—
|
—
—
|
P—
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Relation of magnetic Shubnikov symmetry
and irreducible representation of space group

Paramagnetic crystallographic space group (PSG)
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Relation of magnetic Shubnikov symmetry
and irreducible representation of space group

Paramagnetic crystallographic space group (PSG)

Propagation vector of magnetic structure k

\/

choose one 1rreducible representation (irrep) of PSG
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Relation of magnetic Shubnikov symmetry
and irreducible representation of space group

Paramagnetic crystallographic space group (PSG)

Propagation vector of magnetic structure k

\/

choose one 1rreducible representation (irrep) of PSG

magnetic symmetry
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Relation of magnetic Shubnikov symmetry
and irreducible representation of space group

Paramagnetic crystallographic space group (PSG)

Propagation vector of magnetic structure k

\/

choose one 1rreducible representation (irrep) of PSG

magnetic symmetry
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Relation of magnetic Shubnikov symmetry
and irreducible representation of space group

Paramagnetic crystallographic space group (PSG)

Propagation vector of magnetic structure k

\/

choose one 1rreducible representation (irrep) of PSG

magnetic symmetry
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Relation of magnetic Shubnikov symmetry
and irreducible representation of space group

Paramagnetic crystallographic space group (PSG)

Propagation vector of magnetic structure k

\/

choose one 1rreducible representation (irrep) of PSG

magnetic symmetry
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Relation of magnetic Shubnikov symmetry
and irreducible representation of space group

Paramagnetic crystallographic space group (PSG)

Propagation vector of magnetic structure k

\/

choose one 1rreducible representation (irrep) of PSG

magnetic symmetry

1s irrep real and 1D?
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constrains on the
components of basis
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Relation of magnetic Shubnikov symmetry
and irreducible representation of space group

Paramagnetic crystallographic space group (PSG)

Propagation vector of magnetic structure k

\/

choose one 1rreducible representation (irrep) of PSG

magnetic symmetry

1s irrep real and 1D?

Yes l

Shubnikov from PSG
Symop g that have irrep(g)=-1
are primed in Sh-group
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Relation of magnetic Shubnikov symmetry
and irreducible representation of space group

Paramagnetic crystallographic space group (PSG)

Propagation vector of magnetic structure k

\/

choose one 1rreducible representation (irrep) of PSG

magnetic symmetry

1s irrep real and 1D?

Yes l

Shubnikov from PSG
Symop g that have irrep(g)=-1
are primed in Sh-group

\
Magnetic structure made
from admissible spin
directions in Sh-group
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Relation of magnetic Shubnikov symmetry
and irreducible representation of space group

Paramagnetic crystallographic space group (PSG)

Propagation vector of magnetic structure k

\/

choose one 1rreducible representation (irrep) of PSG

magnetic symmetry

1s irrep real and 1D?

Yes l

Shubnikov from PSG
Symop g that have irrep(g)=-1
are primed in Sh-group

\4
Magnetic structure made

representation

|

Construction of
basis functions
(normal modes)

!

constrains on the
components of basis
function for >1D
1irrep

I

Magnetic structure made

from admissible spin <
directions in Sh-group equivalent

> |from linear combination of
basis functions (normal

<
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Relation of magnetic Shubnikov symmetry
and irreducible representation of space group

Paramagnetic crystallographic space group (PSG)

Propagation vector of magnetic structure k

\/

choose one 1rreducible representation (irrep) of PSG

magnetic symmetry

representation

Yes l

Shubnikov from PSG
Symop g that have irrep(g)=-1
are primed in Sh-group

\4
Magnetic structure made

o,
is irrep real and 1D?| — *|1s k commensurate? l

Construction of
basis functions
(normal modes)

!

constrains on the
components of basis
function for >1D
1irrep

I

Magnetic structure made

from admissible spin <
directions in Sh-group equivalent

> |from linear combination of
basis functions (normal

<

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4

modes)




Relation of magnetic Shubnikov symmetry
and irreducible representation of space group

Paramagnetic crystallographic space group (PSG) Propagation vector of magnetic structure k

\/

choose one 1rreducible representation (irrep) of PSG

magnetic symmetry

o,
is irrep real and 1D?| — *|1s k commensurate?

Yes l l Yes

Shubnikov from PSG combining nD irrep

Symop g that have irrep(g)=-1 & c.c into real 2nD
are primed in Sh-group |

choice of direction of
order parameter for

irrep
\4
Magnetic structure made
from admissible spin < >
directions in Sh-group p equivalent R
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Relation of magnetic Shubnikov symmetry
and irreducible representation of space group

Paramagnetic crystallographic space group (PSG)

Propagation vector of magnetic structure k

\/

choose one 1rreducible representation (irrep) of PSG

magnetic symmetry

o,
is irrep real and 1D?| — *|1s k commensurate?

Yes l

Shubnikov from PSG
Symop g that have irrep(g)=-1
are primed in Sh-group

l Yes

combining nD irrep
& c.c ito real 2nD

v

representation

|

Construction of
basis functions
(normal modes)

!

choice of direction of
order parameter for
irrep

equivale

constrains on the
mponents of basis
function for >1D

\4
Magnetic structure made
from admissible spin < >
directions in Sh-group p equivalent R
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Relation of magnetic Shubnikov symmetry
and irreducible representation of space group

Paramagnetic crystallographic space group (PSG)

Propagation vector of magnetic structure k

\/

choose one 1rreducible representation (irrep) of PSG

magnetic symmetry

0
is irrep real and 1D? | —*>

1s kK commensurate?

Yes l

Shubnikov from PSG
Symop g that have irrep(g)=-1
are primed in Sh-group

Magnetic structure made

l Yes

combining nD irrep
& c.c ito real 2nD

v

representation

|

Construction of
basis functions
(normal modes)

!

Shubnikov from

isotropy subgroup of #— order parameter for

PSG.

irrep

choice of direction of

constrains on the
mponents of basis
function for >1D

equivale

v /

from admissible spin <
directions in Sh-group

equivalent

<
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Relation of magnetic Shubnikov symmetry
and irreducible representation of space group

Paramagnetic crystallographic space group (PSG)

Propagation vector of magnetic structure k

\/

choose one 1rreducible representation (irrep) of PSG

magnetic symmetry

0
is irrep real and 1D? | —*>

1s kK commensurate?

Yes l

Shubnikov from PSG
Symop g that have irrep(g)=-1
are primed in Sh-group

No

A4

3D+1 magnetic
superspace group

Magnetic structure made

v /

l Yes

combining nD irrep
& c.c ito real 2nD

v

representation

|

Construction of
basis functions
(normal modes)

!

Shubnikov from

PSG.

isotropy subgroup of #— order parameter for

irrep

choice of direction of

constrains on the
mponents of basis
function for >1D

equivale

from admissible spin <
directions in Sh-group

equivalent

<
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Relation of magnetic Shubnikov symmetry
and irreducible representation of space group

Paramagnetic crystallographic space group (PSG)

Propagation vector of magnetic structure k

\/

choose one 1rreducible representation (irrep) of PSG

magnetic symmetry

0
is irrep real and 1D? | —*>

1s kK commensurate?

Yes l No

A4

Shubnikov from PSG

Symop g that have 1rrep(g)=-1 | |superspace group

are primed in Sh-group

3D+1 magnetic

v 4/’

Magnetic structure made
from admissible spin
directions in Sh-group

l Yes

combining nD irrep
& c.c ito real 2nD

v

Shubnikov from

PSG.

isotropy subgroup of #—

irrep

choice of direction of
order parameter for

equivale

'

or in 3D+1 magnetic group

>

equivalent

>
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Magnetic structure of Xo.sFei.eSez, X=K, Rb, Cs

“Simple” case: k=0

J. Phys.: Condens. Matter 23 156003 (2011);
Phys. Rev. B 83, 144410 (2011)
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http://iopscience.iop.org/0953-8984/23/15/156003

Neutron diffraction patterns Rb, K, Cs

Magnetic contribution is in red
Comparison of different models.

3 K Fe, Se, K - e Crystal structure 1s fixed by X-ray
HRPT, 2=1.494 A ST i 'Cs Fe Se N | 5 | C :oy
0 ' N
= ”T300Kx 1.886 A, : iy
C " o~ ': it I s{lll
C ~~  o©
S 104 &' s S , ! i
o 2 i L] = ! I 1ty
p c =\ B = N ! N 1
2 1- > {22 g3 8 N ow
= © T T e N LT
o RN S [ A O WETIE
| ' | ' 5 2/ \§ A —
: Rb Fe, Se, Rb 2
- HRPT, 2=1 494 A o w4, m||(ab) 2.4u,
)
@ A 2.
2 004 o t7,m|jc 2.0u, i
3
C
S
3 . j
2 | | | | |
> 10 20 30 40 50 60
T - e 26 (deg)
B I I W
10 15 20 25 K Rb Cs < diffioult”
26 (deg) a= 8.7302 8.7996 | 8.8582 A for owder due
12 or t7 with spins along c c=14.1149 14.5762 [15.2873 A o Fe):ak overla
(c/a)2=2.6140 2.7438| 2.9783=3 °P P
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Xo.sFe1.6Sez, X=K, Rb, Cs. Magnetic representation.

Symmetry adapted solutions.
14/m, k=0 has 8 1D irreps 1i,... Ts.

4 real 1rreps <—> Shubnikov groups of /4/m

4 complex irreps <—> Lower symmetry Shubnikov
/11 /114 /14 /115 /135 /I_;x /133 /I_;n)
. T 1 47 2, 4~ —1 —47 m. —4
o | 1 | 1 -1 =1 =1 -1
o 1 i —1 —i 1 i =1 —i
s jaym 1 —1 R =1 R
T7 l —i -1 [ I —1 —1 I
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Xo.sFe1.6Sez, X=K, Rb, Cs. Magnetic representation.

Symmetry adapted solutions.
14/m, k=0 has 8 1D irreps 1i,... Ts.

4 real 1rreps <—> Shubnikov groups of /4/m One unit cell with 16 Fe
4 complex irreps <—> Lower symmetry Shubnikov
/11 h 14 /14 h 15 /135 /I_;g /133 /I_xn) N R T >
. T 1 4T 2, 4_ —1 —47 m —47 .: ; vacancy
. e ® o €
O I4/m’ ] l l l —1 —1 —1 —1 5 . @ ¢ ©
I 1 i -1 i 1 i -1 i ; e ¢ . ©
gm0 -1 1 -l 1 -1 1 -1 g ; ;
7 l —i  —1 i l —i —1 I
f . ® f
: ¢ ¢
5 e Y ¢ @
s e © . ©
L\G. '\ ----------------------------------------------- J\\\ \\\\\\\\
. ‘_i.b ~~~~ \L
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Xo.sFe1.6Sez, X=K, Rb, Cs. Magnetic representation.

Symmetry adapted solutions.
14/m, k=0 has 8 1D irreps 1i,... Ts.

4 real 1rreps <—> Shubnikov groups of /4/m One unit cell with 16 Fe
4 complex irreps <—> Lower symmetry Shubnikov
/Il h 14 /IJ, h 15 /135 /I_;g /133 /I_u) ™ R T >
, T I 457 2 4. -1 =47 m,  —4_ vacancy 5
5 P ¢
O J4/m’ | I I | —1 —1 —1 —1 ¢ ®
T3 1 i =1 —i 1 i —1 —i ; . .~
s jl4/m 1 —1 [ 1 —1 [ g | §
T | S i 1 —i —1 i ; 5 §
8 unique Ee \
o S .
:’ « . ©
L\G. '\ ----------------------------------------------- *\\ \\\\\\\\
. ‘_i‘b \L
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Xo.sFe1.6Sez, X=K, Rb, Cs. Magnetic representation.

Symmetry adapted solutions.
14/m, k=0 has 8 1D irreps 1i,... Ts.

4 real 1rreps <—> Shubnikov groups of /4/m One unit cell with 16 Fe
4 complex irreps <—> Lower symmetry Shubnikov
h hiy  hy his h»s hig hog h3o ™ T S ™
, T L4 2.0 4D -1 4T ome 4] 5 . vacancy |
5 S ‘¢
1] L L1 -1 -1 @ ;s ®
73 1 i =1 =i 1 A B ; . . ©
s l4m 1 -1 1 =l 1 -1 1 =1 g g g
7 | —i -1 i 1 —i -1 i ; 5 §
8 unique Ee
Fe Magnetic representation (3x8=24D) of Fe \
spins S in(16i) (x,y,z): all eight irreps ¢ S s o
I'=31 &3 ®3... P 373 § g ¢
'\& ----------------------------------------- S
. ‘—l‘b ~~~~ o eeeeenneeene s s
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Xo.sFe1.6Sez, X=K, Rb, Cs. Magnetic representation.

Symmetry adapted solutions.
14/m, k=0 has 8 1D irreps 1i,... Ts.

4 real 1rreps <—> Shubnikov groups of /4/m One unit cell with Fe
4 complex irreps <—> Lower symmetry Shubnikov
/Il h 14 /14 /115 /135 /I_;x /133 /I_u) ™ R T ™
. TY I 47T 2 4 -1 =47 m;  —4 vacancy
. o ® . .
7 1 i -1 =i 1 i1 i ; « C
Ts [4'/m 1 —1 1 —1 1 —1 1 —1
7 | —i -1 i 1 —i -1 i ; ; §
Example special case S || ¢:
irrep = “Fourier amplitude”
5 @ f
: ¢ | ¢
5 e Y ¢ @
5 o ¢ €
L\& ------------------------------------------- *\‘\ \\\\\\\\
3 ‘_i‘b \L
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Xo.sFe1.6Sez, X=K, Rb, Cs. Magnetic representation.

Symmetry adapted solutions.
14/m, k=0 has 8 1D irreps 1i,... Ts.

4 real 1rreps <—> Shubnikov groups of /4/m One unit cell with Fe
4 complex irreps <—> Lower symmetry Shubnikov
/Il h 14 /IJ, h 15 /135 /I_;g /133 /I_u) o R T >
, T I 457 2 4. -1 =47 m,  —4_ vacancy
. o © . c
I 1 S R 1 i -1 i ; e ¢ . ©
Ts [4'/m 1 —1 1 —1 | —1 | —1
7 | —i -1 i 1 —i -1 i ; ; §
Example speglal case .S | ¢: Sy = Olel®= e,, ¢, =0, 5 T 5
irrep = “Fourier amplitude” 5 5
5 @ f
! @ ¢
5 e Y ¢ @
5 o ¢ €
l‘\& --------------------------------------------- *\‘\ \\\\\\\\
. ‘_i‘b \L
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Xo.sFe1.6Sez, X=K, Rb, Cs. Magnetic representation.

Symmetry adapted solutions.
14/m, k=0 has 8 1D irreps 1i,... Ts.

4 real 1rreps <—> Shubnikov groups of /4/m One unit cell with Fe
4 complex irreps <—> Lower symmetry Shubnikov
/Il /114 /14 /115 1135 /I_;x /133 /I_u) ™ R T >
. T.l,// 1 4* 2: —1— —1 —47 m —47 I I vacancy
¢ ® o €
o dm 1 | 1 -1 -1 =1 -l 5 . @ c ©
7 1 i -1 =i 1 i1 i ; « C
gm0 -1 1 =l 1 =1 1 -1 g ; ;
7 | —i -1 i 1 —i -1 i ; ; §
].Examplstpec.lal casel.S |l1c’:, Sy = Cleli®= e,, ¢, =0, 5 T
lrrep = “Fourier amplitude S, = ‘ Sy ‘ olP engz e, .
B ¢
s ¢ Y ¢ ®
5 e © . ©
l‘\& --------------------------------------------- *\‘\ ~~~~~~~~
. ‘—i‘b TSRS S Ry
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Xo.sFe1.6Sez, X=K, Rb, Cs. Magnetic representation.

Symmetry adapted solutions.
14/m, k=0 has 8 1D irreps 1i,... Ts.

4 real 1rreps <—> Shubnikov groups of /4/m One unit cell with Fe
4 complex irreps <—> Lower symmetry Shubnikov
/Il /114 /14 /115 1135 /I_;x /133 /I_u) ™ R T >
, LY 1 47 2 4. -1 =47 m,  —4 . vacancy
. e © ¢
o I’ | 1 | 1 -1 -1 =1 =1 g e © ¢ @
I 1 S R 1 i -1 i ; e ¢ . ©
s 14/m ] —1 1 —1 1 —1 1 —1 ' = ’
T | —i =1 i 1 —i =1 i
: - 7
].Examplstpec.lal casel.S |l1c’:, Sy = Cleli®= e,, ¢, =0, 5 T
lrrep = “Fourier amplitude S, = ‘ Sy ‘ olP il P- e, | : :
: | B !
Spin S = Re(Sp) = |So| cos(¢- + p)e. - Cie © % o
:' e © . ©
l‘\& --------------------------------------------- *\‘\ ~~~~~~~~
. ‘—i‘b TSRS S Ry
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Xo.sFe1.6Sez, X=K, Rb, Cs. Magnetic representation.

Symmetry adapted solutions.
14/m, k=0 has 8 1D irreps 1i,... Ts.

4 real 1rreps <—> Shubnikov groups of /4/m One unit cell with Fe
4 complex irreps <—> Lower symmetry Shubnikov
/I[ /114 /IJ, /115 /135 /I_;x /133 /I_u) : I R T )
, TY L4 20 4 -1 4T m -4 5 . vacancy
. e © ¢
O 4m’ | 1 | 1 —1 —1 —1 —1 ; . @ ¢ c ©
7 1 i =1 i 1 i =1 ' © ¢ . @
s gm 1 =1 R [ -
T7 | —i -1 [ I —1 —1 I
: . 7
].Examplstpec.lal casel.S |l1c,:, Sy = Ce'?e,, ¢, =0, 5 T
lrrep = “Fourier amplitude S, = ‘ Sy ‘ olP engz e, | . :
Spin S = Re(Sg) = |Sp|cos(¢, + ¢)e, . ©i e © ~“:' <
:' e © . ©
1. Real irrep t2, t5: angle ¢=0 (a must). ,
Tetragonal symmetry preserved. B
N Y
2 e N
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Xo.sFe1.6Sez, X=K, Rb, Cs. Magnetic representation.

Symmetry adapted solutions.
14/m, k=0 has 8 1D irreps 1i,... Ts.

4 real 1rreps <—> Shubnikov groups of /4/m One unit cell with Fe
4 complex irreps <—> Lower symmetry Shubnikov
/I| /114 /IJ, /115 /135 /I_;x /133 /I_xt) : N R T >
, LY 1 47 2 4. -1 =47 m,  —4 . vacancy
. e © ¢
o I’ | 1 | 1 -1 -1 =1 =1 ; e © ¢ @
s 1 R 1 i =1 —i ; e ¢ . ©
s jam 1 =1 | —1 R R ' =
- | —i -1 i 1 —i =1 i
. - T
].Examplstpec.lal casel.S |l1c,:, Sy = Cleli®= e,, ¢, =0, 5 T
lrrep = “Fourier amplitude S, = ‘ Sy ‘ olP il P- e, | E . :
Spin S = Re(Sg) = |Sp|cos(¢, + ¢)e, . ©i e © ~“:' <
:' e © . ©
1. Real irrep t2, t5: angle ¢=0 (a must). S = +|Sgle. . :
Tetragonal symmetry preserved. A
b~ = N
. ‘_1‘b TS

V. Pomjakushin, Multi-arm magnetic structures IUCR’14 14



Xo.sFe1.6Sez, X=K, Rb, Cs. Magnetic representation.

Symmetry adapted solutions.

14/m, k=0 has 8 1D irreps 1i,... Ts.
Shubnikov groups of /4/m
Lower symmetry Shubnikov

4 real 1rreps <—>
4 complex irreps <—>

h Ny hy his hos 38 hog h39

T | 47 2, 4~ -1 =47 m. —4-

o | 1 1 S [ L —

= 1 F— — 1 R —

s jam 1 =1 I I =1 R

T7 l —i -1 [ I —1 —1 I

. - m
].Examplstpec.lal casel.S |l1c’:, Sy = Ce'?e,, ¢, =0, 5 7

Irrep = “rourier amplituae S, = ‘ So‘ etP P e,
Spin S = Re(Sp) = |So|cos(¢. + p)e.
1. Real irrep t2, t5: angle ¢=0 (a must). S = +[Syle.

Tetragonal symmetry preserved.
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Xo.sFe1.6Sez, X=K, Rb, Cs. Magnetic representation.

Symmetry adapted solutions.
14/m, k=0 has 8 1D irreps 1i,... Ts.

4 real 1rreps <—> Shubnikov groups of /4/m One unit cell with Fe
4 complex irreps <—> Lower symmetry Shubnikov
/Il /114 /14 /115 /135 /I_;x /133 /I_u) I R T )
, T L 47 2. 40 -1 —4F ome 4D 5 . vacancy
. e © ¢
O 4m’ | 1 | 1 —1 —1 —1 —1 ; . @ ¢ c ©
s 1 R R 1 i -1 i ; e ¢ - ©
s 14m 1 =1 - I 1 | 1 ' :
T7 | —i -1 [ I —1 —1 I
: . 7
].Examplstpec.lal casel.S |l1c,:, Sy = Cleli®= e,, ¢, =0, 5 T
lrrep = “Fourier amplitude S, = ‘ Sy ‘ olP engz e, | E . :
Spin S = Re(Sg) = |Sp|cos(¢, + ¢)e, . ©i e © ~“:' <
:' e ¢ @
1. Real irrep t2, t5: angle ¢=0 (a must). S = +|Sgle. . :
Tetragonal symmetry preserved. e
2. Complex irrep 13, t7: ] ‘_Lb ~~~~~~~ S — N
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Xo.sFe1.6Sez, X=K, Rb, Cs. Magnetic representation.

Symmetry adapted solutions.
14/m, k=0 has 8 1D irreps 1i,... Ts.

4 real 1rreps <—> Shubnikov groups of /4/m One unit cell with Fe
4 complex irreps <—> Lower symmetry Shubnikov
h l h 14 /IJ, h 15 /135 h 38 /133 h 39 : ™ praseasssn s ::'
, TY e T Y Py 5 . vacancy '
. e ® o @
o ] 1 | [ R e - 5 s ¢ ©
s 1 S R 1 T L ; e ¢ . ©
s |4/m | —1 1 —1 1 —1 1 —1 ' = =
T7 | —i -1 [ I —1 —1 I
. . T
].Examplstpec.lal casel.S |l1c,:, S, = Ce'®=e., ¢, =0, 5 T
lrrep = “Fourier amplitude S, = ‘ Sy ‘ olP engz e, | . :
Spin S = Re(Sy) = [So| cos(¢: + ¢)e - Cie € % e
5 e ¢ . ©
1. Real irrep t2, t5: angle ¢=0 (a must). S = +|Sgle. . . §
Tetragonal symmetry preserved. e
2. Complex irrep t3, t7: S = £[So| COS(@)eg ‘_Lb ~~~~~~~ . Y
S = +£|Sy|sin(p)e.

Amplitudes == spin for str. factor calculations for k=0, 1.e. real
14
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Xo.sFe1.6Sez, X=K, Rb, Cs. Magnetic representation.

Symmetry adapted solutions.
14/m, k=0 has 8 1D irreps 1i,... Ts.

4 real 1rreps <—> Shubnikov groups of /4/m One unit cell with Fe
4 complex irreps <—> Lower symmetry Shubnikov
/I[ /114 /IJ, /115 1135 /I_;x /133 /I_;n) ™ praseasssn s ------------------ \1
. T.l,// ] 4+ 2; —1— —1 —-]-* n. —4— .: .: vaca C)’ .: :
:' § ‘.
O Jd/m’ 1 l l l —1 —1 —1 —1 ¢ 56, &) ©
T3 1 - —i | i —1 —i . . : @
Ts 14'/m ] ] 1 ] 1 1 1 —1 5 §
T | —i -1 i 1 —i =1 i §
].Examplstpec.lal casel.S |l1c,:, S, = Ce'®=e., ¢, =0, 5 T
lrrep = “Fourier amplitude S, = ‘ Sy ‘ olP engz e, | E
Spin S = Re(So) = |So| cos(¢. + p)e. Y@ > e
E o 7 e
1. Real irrep t2, t5: angle ¢=0 (a must). S = +|Sgle. . §
Tetragonal symmetry preserved. e
2. Complex Z'r]/ep 13, t7: S = ::‘SO‘ COS(SD)eg ‘_Lb ~~~~~~ \i _________________________________________________________ >
S = +£|Sy|sin(p)e.
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Xo.sFe1.6Sez, X=K, Rb, Cs. Magnetic representation.

Symmetry adapted solutions.
14/m, k=0 has 8 1D irreps 1i,... Ts.

4 real 1rreps <—> Shubnikov groups of /4/m One unit cell with Fe
4 complex irreps <—> Lower symmetry Shubnikov
/11 /114 /IJ, /115 1135 /I_;x /133 /I_u) ™ praseasssn s ------------------ \1
LT I 47 2, 4~ -1 =47 m, —4- . vaca cy ' '
5 E ¢
O Jd/m’ 1 I I | — 1 —1 —1 — 1 ¢ 56, o) @
T3 | i —1 —1 I i —1 —1 ! . : @
s 147m 1 —1 1 —1I I —1 T —1 ' §
T | —i -1 i 1 —i =1 i §
].Examplstpec.lal casel.S |l1c,:, S, = Ce'®=e., ¢, =0, 5 T
lrrep = “Fourier amplitude S, = ‘ Sy ‘ olP engz e, | 5
Spin § = Re(So) = |So cos(¢ + p)e- G e
.5 « 7@
1. Real irrep t2, t5: angle ¢=0 (a must). S = +|Sgle. . . §
Tetragonal symmetry preserved. e
2. Complex Z'r]/ep 13, t7: S = ::‘SO‘ COS(SD)eg ‘_Lb ~~~~~~ \i _________________________________________________________ >
S = +£|Sy|sin(p)e.

Amplitudes == spin for str. factor calculations, 1.e. real
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Shubnikov subgroups of I4/m®1’

irrep

MGM1+t1
MGM2+t5
MGM3+GM4+t3t7
mGM1-12
mMGM2-t6

MGM3-GM4-t418

k=0, Gamma (GM) point of BZ

Shubnikov

group
P1(@ |[87.7514/m,
P1(a) |87.77 14'/m,
C1 (a,b)[12.62 C2'/m’,
P1(@ [87.78 14/m’,
P1(a) |87.7914'/m’,
C1 (a,b)|12.60 C2'/m,

basis={(0,1,0),(-1,0,0),(0,0,1)}, origin=(0,0,0), s=1, i=2, k-active= (0,0,0)
basis={(-1,0,0),(0,-1,0),(0,0,1)}, origin=(0,0,0), s=1, i=2, k-active= (0,0,0)
basis={(-1,1,0),(0,0,-1),(0,-1,0)}, origin=(0,0,0), s=1, i=4, k-active= (0,0,0)
basis={(0,1,0),(-1,0,0),(0,0,1)}, origin=(0,0,0), s=1, i=2, k-active= (0,0,0)
basis={(0,1,0),(-1,0,0),(0,0,1)}, origin=(0,0,0), s=1, i=2, k-active= (0,0,0)
basis={(-1,-1,0),(0,0,-1),(1,0,0)}, origin=(0,0,0), s=1, i=4, k-active= (0,0,0)

Oder parameter direction
for multidimensional irreps
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Shubnikov subgroups of I4/m®1’

irrep

MGM1+t1
MGM2+t5
MGM3+GM4+t3t7
mGM1-12
mMGM2-t6

MGM3-GM4-t418

k=0, Gamma (GM) point of BZ

Shubnikov

group
P1(@ |[87.7514/m,
P1(a) |87.77 14'/m,
C1 (a,b)[12.62 C2'/m’,
P1(@ [87.78 14/m’,
P1(a) |87.7914'/m’,
C1 (a,b)|12.60 C2'/m,

basis={(0,1,0),(-1,0,0),(0,0,1)}, origin=(0,0,0), s=1, i=2, k-active= (0,0,0)
basis={(-1,0,0),(0,-1,0),(0,0,1)}, origin=(0,0,0), s=1, i=2, k-active= (0,0,0)
basis={(-1,1,0),(0,0,-1),(0,-1,0)}, origin=(0,0,0), s=1, i=4, k-active= (0,0,0)
basis={(0,1,0),(-1,0,0),(0,0,1)}, origin=(0,0,0), s=1, i=2, k-active= (0,0,0)
basis={(0,1,0),(-1,0,0),(0,0,1)}, origin=(0,0,0), s=1, i=2, k-active= (0,0,0)
basis={(-1,-1,0),(0,0,-1),(1,0,0)}, origin=(0,0,0), s=1, i=4, k-active= (0,0,0)

Oder parameter direction
for multidimensional irreps
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Magnetic structure of Xo.sFei.eSes X=K,
Rb, Cs

[4/m cell shown by red square. One (ab) layer of Fe-atoms 1s
shown. Fe spins are parallel (+) or antiparallel (-) to c-axis

block checkerboard AFM zig-zag AFM
irrep 12, (I'1-) 14/m’° irrep t7/13,(1'4+/13+), C2/m’
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Multi-arm magnetic order in quantum
spin-frimer Cd3CU1Ni2(P04)4

® % Ni 2 #o

V. Pomjakushin, arXiv:1404.1683 (2014).
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Symmetry group Gkof propagation vector k. k-star

space group of CazCu1Niz(POa)4
C2 / C Cgh 2/m Monoclinic

No. 15 Cl 2/C 1 Patterson symmetry C12/m 1

Symmetry operators zeroth block of SG

h]: X, Y, Z h2: iayaz_‘_%

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4

—|—T(n1t1 + n2t2 -+ 723133)
(3,3,0)+
k-vector takes care
about translations

S1(tn) = > Soy cos(2rkity,)
=1




Symmetry group Gkof propagation vector k. k-star

space group of CazCu1Niz(POa)4

C2 / C Cgh 2/m Monoclinic
No. 15 Cl 2/C1 Patterson symmetry C12/m 1
Symmetry operators zeroth block of 3G +T(n1t1 + nata + nats)
- - - — - - 11
h]: X, ), Z h2: xayaz_l_% h3: X, ¥Y,Z h4— x,y,2+ (2’270)—'_
k-vector takes care

Reciprocal lattice. a*,b*:primitive, A*, B*: C-centered
. ki=[ % % 0] V-point of BZ

BAA 1220
. A

{k}-star has two arms
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about translations

S1(tn) = > Soy cos(2rkity,)
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Symmetry group Gkof propagation vector k. k-star

space group of CazCu1Niz(POa)4
C2 / C Cgh 2/m Monoclinic

No. 15 Cl 2/C 1 Patterson symmetry C12/m 1

Symmetry operators zeroth block of SG

h]: Xy, ), Z h2: f,}’,Z—‘F% h3: i,)’?,Z h4: X, Y,2+

Reciprocal lattice. a*,b*:primitive, A*, B*: C-centered
. ki=[ % % 0] V-point of BZ

hoki=k, hiki=-k>

BAA 1220
. A

{k}-star has two arms
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—|—T(n1t1 -+ n2t2 -+ 723133)

(3,3,0)+
k-vector takes care
about translations

S1(tn) = > Soy cos(2rkity,)

=1




Symmetry group Gkof propagation vector k. k-star
space group of CazCu1Niz(POa)4

C2 / C Cgh 2/m Monoclinic
No. 15 Cl 2/01 Patterson symmetry C12/m 1
Symmetry operators zeroth block of 3G +T(n1t1 + nata + nats)

Y v 7 = = = - 11
h]z Xy ¥, Z h2= x,y,z—l—% h3: X,¥,2 h4: x,y,z_{-% (2,2,0)+
k-vector takes care

about translations
Reciprocal lattice. a*,b*:primitive, A*, B*: C-centered S, (t,) = f: Syu; cos(2mkuty)

o o ® =1

ki=[ 2 2 0] V-point of BZ

hki=k, hidki=-k> Man_y_fold of all .non-equlvalent
hik == propagation vector star {k}

[ -V % 0] [ % % 0]
. A*

{k}-star has two arms
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Symmetry group Gkof propagation vector k. k-star
space group of CazCu1Niz(POa)4

C2 / C Cgh 2/m Monoclinic
No. 15 Cl 2/01 Patterson symmetry C12/m 1
Symmetry operators zeroth block of 3G +T(n1t1 + nata + nats)

- - —_— e - - 11
h]: Xy V52 h2: xa)’az_l_% h3: X, ¥,Z h4= x,y,z—i—% (27270)"'_
k-vector takes care
about translations

S1(tn) = > Soy cos(2rkity,)

Reciprocal lattice. a*,b*:primitive, A*, B*: C-centered

%7 k=[%'%0] V-pointof BZ L
o _ _ Manyfold of all non-equivalent
hoki=kz  heki=-k: hik == propagation vector star {k}
b¥  B* \ar

\ , G € G that leaves k invariant == little
LY group or propagation vector group

501 \ |/ [%%0] i _
. A* h]l h31 Gk201

{k}-star has two arms
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zeroth unit cell of CasCuiNi,(P0y)y:
orbits Iin k-vector formalism

Symmetry operators

_ _ +T'(n1t; + nate + nats)
h]: X, Y, Z h2: X,}’,Z‘I‘% h3: X, ¥,Z h4: x,y,z+5 (%’%,O)+

-
. -
~\. ’f‘
-

>
. orbit 2 ..
orbit | =~

-
"
-
-
’f
-
"
-
-

-
-
-
-

-
. -
[
‘ﬂ .

-
-
-

. ’—‘
-
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zeroth unit cell of CasCuiNi,(P0y)y:
orbits Iin k-vector formalism

Symmetry operators

h]: X, 0,2 h2: f,y,z’—l—

orbit | |+ //

Gr=C-1
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zeroth unit cell of CasCuiNi,(P0y)y:
orbits Iin k-vector formalism

Symmetry operators

—|—T( t1 + noty + 713133)

hi= %,¥,2 ho= X, 9,2+ 3 h3= X,¥,2 hy= xX,¥,2+ 3 (% %1 )
orbit | F— \\// orbit 2
Gi= C-1 T~ G=C- Unit cell

a—17724A b=4.815 A, c=17.836 A, 8 = 123.756°
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Neutron counts, arb.units

Magnetic order in CasCu;Niz(P0y4)y

1) propagation vector arms

Magnetic neutron diffraction pattern

Powder match (leBalil X2=1-73

Model A y°= 4.4

Model B %°=1.76

Ca,Cu Ni(PO,),

T="1.5K - 25K"

A=4.2 A

20

40

20 (deg)

60

80
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Neutron counts, arb.units

Magnetic order in CaszCu;Ni(P04y)y :

1) propagation vector arms
Magnetic neutron diffraction pattern

Space group C2/c

I ' I '
: . Reciprocal lattice.
Ca,Cu Ni(PO,), i

@\
Q| —
- +
~ >
— et a* b*:primitive,
| 4
S T="1.5K - 25K" : C d
S — ="1. - A*, B*: C-centere
-] N— N -]
- - =42 A
p— — - [ ]
— AI" 4 a ° o °
~ T Iy
— > / \
O O / \
— / \
- O | b J / \
4 1 — b4 . o N ,' ‘\
® ! b / \
“\ 1 | ‘dt‘i ‘.‘. © / \
"‘0 P4 ? ¢ :' © i3 1‘» ©0 / \
L0 > oco Con0 ¢ ¢ b | b ¢ ) [ ) ¢ @ g’é‘.‘; 7
PACS S ey o.". 0:':“:;9 a) !(..:(,'.: % f'{i%" “\\;‘z .g:, ‘%:(‘::5‘“. Q 0:';5" ‘.:‘,‘,:r,:. .:.{:.:.‘Ei’ ':t\.fsf:r?'.;@ :"&::% \2‘5 i Was S dk:. o= g *III * \\ *
(‘f(((".'é X b B \
I 1 8 O 1 I A O O B B N I I ® ,—,a
\ /
- . 2 - \ /
[ J — \ /
_| Powder match (leBail) x'=1.73 | \ ,

1 Model A y’=4.4 -

_ . A
TModel B x°=1.76 ' ,
Propagation vector

| | . , , . | 1 Istar
20 40 60 80 {{2%0],[-% % 0]}
20 (deg) 21




zeroth unit cell of CasCu;Ni(P0y)qy:
2) orbits, irreps of Gk

Symmetry operators

—|—T( t1 + noty + 713133)

hi= %,¥,2 ho= X, 9,2+ 3 h3= X,¥,2 hy= xX,¥,2+ 3 (% %1 )
orbit | F— \\// orbit 2
Gi= C-1 T~ G=C- Unit cell

a—17724A b=4.815 A, c=17.836 A, 8 = 123.756°

orbit
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zeroth unit cell of CasCu;Ni(P0y)qy:
2) orbits, irreps of Gk

Symmetry operators

_ _ _ +T'(n1t1 + noto + nats)
h]: X, 0,2 h2: xayvz_l_% h3: X, ¥,Z h4: x,y,Z‘i‘% (% % )

orbit | [— \\/ orbit 2
Gy= C-1 T~ Ge=C-I Unit cell

a_17724A b=4.815 A, c=17.836 A, 8 = 123.756°

Grooup. G = Ql that relates | Srpit | :
spins 1n the orbit has two 1D -~
irreducible representations

(irreps) 71 and 72

"

-
-
-
-

il ksl
71 1 |
7 1 -1
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Cas:Cu;Ni.(P04)y: magnetic representation
decomposition

Gk= C-1 has two 1D irreps t; and 12

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4
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Cas:Cu;Ni.(P04)y: magnetic representation
decomposition

Gk= C-1 has two 1D irreps t; and 12

Axial vector representations for Cu and N1 sites read:

N1 (8f)-position : 6D=2-3 magn. representation
+2 orbits, +C-centering =311 @ 312

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4
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Cas:Cu;Ni.(P04)y: magnetic representation
decomposition

Gk= C-1 has two 1D irreps t; and 12
Axial vector representations for Cu and N1 sites read:
N1 (8f)-position : 6D=2-3 magn. representation
+2 orbits, +C-centering =311 @ 312

Cu (4b)-position: 3D=1-3 magn. representation
+2 orbits, +C-centering = 31
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Cas:Cu;Ni.(P04)y: magnetic representation
decomposition

Gk= C-1 has two 1D irreps t; and 12

Axial vector representations for Cu and N1 sites read:

N1 (8f)-position : 6D=2-3 magn. representation
+2 orbits, +C-centering =311 &
Cu (4b)-position: 3D=1-3 magn. representation

+2 orbits, +C-centering =
To get non-zero Cu-spins

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4
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Magnetic order In CasCuiNi(P04)y: 2k structure
irrep 12

Independently for both Cu-spins and Ni-spins we have:

basis functions
Orbit 1 ; / ~__
So = (Cax¥r(k1) + Cas, ¥y (k2))
iz:lI? y? Z
Orbit 2

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4
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Magnetic order in CaszCu;Ni(P04)y: 2k structure
irrep 12

Independently for both Cu-spins and Ni-spins we have:

basis functions

Orbit 1 / ~__

3
So = Z (Cr1a®a(k1) + Cx e, ¥ (k2))
A=1

Solution that fits experiment:
Both Cu and N1 propagate with
the same k-arm

and

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4
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Magnetic order in CaszCu;Ni(P04)y: 2k structure
irrep 12

Independently for both Cu-spins and Ni-spins we have:

Orbit 1 basis functions

Solution that fits experiment:
Both Cu and N1 propagate with
the same k-arm

and
ki for orbit 1 /and k> for orbit 2
C/\,kl — C,\,k2

12
Ni-spins {1} in trimer

- ,
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Magnetic order in CaszCu;Ni(P04)y: 2k structure
irrep 12

Independently for both Cu-spins and Ni-spins we have:

Orbit 1 basis functions

Solution that fits experiment:
Both Cu and N1 propagate with
the same k-arm

and
ki for orbit 1 /and k> for orbit 2
C/\,kl — C,\,k2

12
Ni-spins {1} in trimer

- ,

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4
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Symmetry analysis using full star {k} & Shubnikov

C2 / C o 2/m Monoclinic

No. 15 Cl1 2/C 1 Patterson symmetry C12/m1

_ _ _ +T'(n1t1 + nata + nats)
hi= X,0,2 ho= %, 5,2+ 3 h3= X, 9,2 ha= X%, 5,2+ 3 (1,1,0)+

Symmetry operators

{k}-star has two arms

o ) ([
I\

[ 4 % 0] V-paint of BZ

/ * \\
bx B* ,a*

SR

Casol \|Tmno il = Co] http://stokes.byu.edu/iso/
A* hs -1 ISOTROPY Software Suite

Harold T. Stokes, Dorian M. Hatch, and Branton J. Campbell, Department of Physics
and Astronomy, Brigham Young University, Provo, Utah 84606, USA,
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Symmetry analysis

Symmetry operators

C2/c 0

No. 15 C12/c1

h]: Xy, Y, Z h2: i,y,z'-l-% h3: xX,¥,2Z

using full star ${k} & Shubnikov

2/m Monoclinic

Patterson symmetry C12/m1

5 o] +T'(n1t1 + naty + nsts)
hy= X%,Y,2+ 3 (1,1,0)+

{[%7 %aOH—%a ,0]}in C2/c has 2D irrep (mV-), based on 1D irrep o of G = C-1

{k}-star has two arms

o ) ([
I\

[ 4 % 0] V-paint of BZ

by  B* ,a*
G |k

[-% % 0] (V0] hil
. A* h3'1

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4

Gk=C-1

http://stokes.byu.edu/1so/
ISOTROPY Software Suite

Harold T. Stokes, Dorian M. Hatch, and Branton J. Campbell, Department of Physics
and Astronomy, Brigham Young University, Provo, Utah 84606, USA,




Symmetry analysis

Symmetry operators

C2/c 0

No. 15 C12/c1

h]: Xy, Y, Z h2: i,y,z'-l-% h3: xX,¥,2Z

using full star ${k} & Shubnikov

2/m Monoclinic

Patterson symmetry C12/m1

5 o] +T'(n1t1 + naty + nsts)
hy= X%,Y,2+ 3 (1,1,0)+

{[%7 %aOH—%a ,0]}in C2/c has 2D irrep (mV-), based on 1D irrep o of G = C-1

{k}-star has two arms

o ) ([
I\

[ 4 % 0] V-paint of BZ

by  B* ,a*
G |k

[-% % 0] (V0] hil
. A* h3'1
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Gk=C-1

http://stokes.byu.edu/1so/
ISOTROPY Software Suite

Harold T. Stokes, Dorian M. Hatch, and Branton J. Campbell, Department of Physics
and Astronomy, Brigham Young University, Provo, Utah 84606, USA,




Symmetry analysis

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4

using full star ${k} & Shubnikov

has 2D irrep (mV-), based on 1D irrep 1 of Gy = C-1

http://stokes.byu.edu/1so/
ISOTROPY Software Suite

Harold T. Stokes, Dorian M. Hatch, and Branton J. Campbell, Department of Physics
and Astronomy, Brigham Young University, Provo, Utah 84606, USA,
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Symmetry analysis using full star {k} & Shubnikov

{[%a %70]7[—%7 %70]} in C'2/c|has 2D irrep (mV-), based on 1D irrep 7 of G = C-1

Space Group: 15 C2/c C2h-6

| Lattice parameters: a=17.71770, b=4.82100, c=17.84720, alpha=90.00000,

beta=123.63700, gamma=90.

00000

Cu 4b (0,1/2,0), Ni 8f (x,y,2), x=-0.12000 , y=0.03750 , z=-0.46700

k point: V, k4 (1/2,1/2,0)
IR: mV1-, mk4t2

P1 (a,a) 15.91 C_a2/c, basis={(2,0,2),(0,-2,0),(0,0,-1)}, origin=(0,1/2,0), s=4, i=4, k-active= (1/2,1/2,0),(-1/2,1/2,0)
P3 (0,a) 2.7 P_S-1, basis={(-1/2,-1/2,-1),(-1/2,-1/2,0),(0,2,0)}, origin=(-1/4,1/4,0), s=2, i=4, k-active= (-1/2,1/2,0)
C1 (a,b) 2.7 P_S-1, basis={(0,0,-1),(1,1,1),(0,-2,0)}, origin=(0,1/2,0), s=4, i=8, k-active= (1/2,1/2,0),(-1/2,1/2,0)

http://stokes.byu.edu/1so/
ISOTROPY Software Suite

Harold T. Stokes, Dorian M. Hatch, and Branton J. Campbell, Department of Physics
and Astronomy, Brigham Young University, Provo, Utah 84606, USA,
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Symmetry analysis using full star {k} & Shubnikov

{[%a %70]7[—%7 %70]} in C'2/c|has 2D irrep (mV-), based on 1D irrep 7 of G = C-1

Space Group: 15 C2/c C2h-6| Lattice parameters: a=17.71770, b=4.82100, c=17.84720, alpha=90.00000,
beta=123.63700, gamma=90.00000

Cu 4b (0,1/2,0), Ni 8f (x,y,2), x=-0.12000 , y=0.03750 , z=-0.46700

k point: V, k4 (1/2,1/2,0)
IR: mV1-, mk4t2

Order parameter

directioln

P1 (a,a) 15.91 C_a2/c, basis={(2,0,2),(0,-2,0),(0,0,-1)}, origin=(0,1/2,0), s=4, i=4, k-active= (1/2,1/2,0),(-1/2,1/2,0)
P3 (0,a) 2.7 P_S-1, basis={(-1/2,-1/2,-1),(-1/2,-1/2,0),(0,2,0)}, origin=(-1/4,1/4,0), s=2, i=4, k-active= (-1/2,1/2,0)
C1 (a,b) 2.7 P_S-1, basis={(0,0,-1),(1,1,1),(0,-2,0)}, origin=(0,1/2,0), s=4, i=8, k-active= (1/2,1/2,0),(-1/2,1/2,0)

http://stokes.byu.edu/1so/
ISOTROPY Software Suite

Harold T. Stokes, Dorian M. Hatch, and Branton J. Campbell, Department of Physics
and Astronomy, Brigham Young University, Provo, Utah 84606, USA,
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Symmetry analysis using full star {k} & Shubnikov

{[%a %70]7[—%7 %70]} in C'2/c|has 2D irrep (mV-), based on 1D irrep 7 of G = C-1

Space Group: 15 C2/c C2h-6| Lattice parameters: a=17.71770, b=4.82100, c=17.84720, alpha=90.00000,
beta=123.63700, gamma=90.00000

Cu 4b (0,1/2,0), Ni 8f (x,y,2), x=-0.12000 , y=0.03750 , z=-0.46700

k point: V, k4 (1/2,1/2,0)
IR: mV1-, mk4t2

Order parameter ,
directioln l Shubnikov Space group

P1 (a,a) 15.91 C_a2/c, basis={(2,0,2),(0,-2,0),(0,0,-1)}, origin=(0,1/2,0), s=4, i=4, k-active= (1/2,1/2,0),(-1/2,1/2,0)
P3 (0,a) 2.7 P_S-1, basis={(-1/2,-1/2,-1),(-1/2,-1/2,0),(0,2,0)}, origin=(-1/4,1/4,0), s=2, i=4, k-active= (-1/2,1/2,0)
C1 (a,b) 2.7 P_S-1, basis={(0,0,-1),(1,1,1),(0,-2,0)}, origin=(0,1/2,0), s=4, i=8, k-active= (1/2,1/2,0),(-1/2,1/2,0)

http://stokes.byu.edu/1so/
ISOTROPY Software Suite

Harold T. Stokes, Dorian M. Hatch, and Branton J. Campbell, Department of Physics
and Astronomy, Brigham Young University, Provo, Utah 84606, USA,
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Symmetry analysis using full star {k} & Shubnikov

{[%a %70]7[—%7 %70]} in C'2/c|has 2D irrep (mV-), based on 1D irrep 7 of G = C-1

Space Group: 15 C2/c C2h-6| Lattice parameters: a=17.71770, b=4.82100, c=17.84720, alpha=90.00000,
beta=123.63700, gamma=90.00000

Cu 4b (0,1/2,0), Ni 8f (x,y,2), x=-0.12000 , y=0.03750 , z=-0.46700

k point: V, k4 (1/2,1/2,0)
IR: mV1-, mk4t2

Order parameter

directioln

P1 (a,a) 15.91 C_a2/c, basis={(2,0,2),(0,-2,0),(0,0,-1)}, origin=(0,1/2,0), s=4, i=4, k-active= (1/2,1/2,0),(-1/2,1/2,0)
P3 (0,a) 2.7 P_S-1, basis={(-1/2,-1/2,-1),(-1/2,-1/2,0),(0,2,0)}, origin=(-1/4,1/4,0), s=2, i=4, k-active= (-1/2,1/2,0)
C1 (a,b) 2.7 P_S-1, basis={(0,0,-1),(1,1,1),(0,-2,0)}, origin=(0,1/2,0), s=4, i=8, k-active= (1/2,1/2,0),(-1/2,1/2,0)

Shubnikov Space group Active arms of
propagation vector star

http://stokes.byu.edu/1so/
ISOTROPY Software Suite

Harold T. Stokes, Dorian M. Hatch, and Branton J. Campbell, Department of Physics
and Astronomy, Brigham Young University, Provo, Utah 84606, USA,
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Symmetry analysis using full star {k} & Shubnikov

{[%7 %70]7[—%7 %70]} in C'2/c|has 2D irrep (mV-), based on 1D irrep 7 of G = C-1

Space Group: 15 C2/c C2h-6| Lattice parameters: a=17.71770, b=4.82100, c=17.84720, alpha=90.00000,
beta=123.63700, gamma=90.00000

Cu 4b (0,1/2,0), Ni 8f (x,y,2), x=-0.12000 , y=0.03750 , z=-0.46700

k point: V, k4 (1/2,1/2,0)

IR: mV1-, mk4t2
Order parameter , :
directio Shubnikov Space group Active arms of
[1 propagation vector star solution

P1 (a,a) 15.91 C_a2/c, basis={(2,0,2),(0,-2,0),(0,0,-1)}, origin=(0,1/2,0), s=4, i=4, k-active= (1/2,1/2,0),(-1/2,1/2,0)

P3 (0,a) 2.7 P_S-1, basis={(-1/2,-1/2,-1),(-1/2,-1/2,0),(0,2,0)}, origin=(-1/4,1/4,0), s=2, i=4, k-active= (-1/2,1/2,0)
C1 (a,b) 2.7 P_S-1, basis={(0,0,-1),(1,1,1),(0,-2,0)}, origin=(0,1/2,0), s=4, i=8, k-active= (1/2,1/2,0),(-1/2,1/2,0)

http://stokes.byu.edu/1so/
ISOTROPY Software Suite

Harold T. Stokes, Dorian M. Hatch, and Branton J. Campbell, Department of Physics
and Astronomy, Brigham Young University, Provo, Utah 84606, USA,

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4



Symmetry analysis using full star {k} & Shubnikov

{[%a %70]7[—%7 %70]} in C'2/c|has 2D irrep (mV-), based on 1D irrep 7 of G = C-1

Space Group: 15 C2/c C2h-6| Lattice parameters: a=17.71770, b=4.82100, c=17.84720, alpha=90.00000,
beta=123.63700, gamma=90.00000

Cu 4b (0,1/2,0), Ni 8f (x,y,2), x=-0.12000 , y=0.03750 , z=-0.46700

k point: V, k4 (1/2,1/2,0)

IR: mV1-, mk4t2
Order parameter , :
directio Shubnikov Space group Active arms of
ln propagation vector star solution

P1 (a,a) 15.91 C_a2/c, basis={(2,0,2),(0,-2,0),(0,0,-1)}, origin=(0,1/2,0), s=4, i=4, k-active= (1/2,1/2,0),(-1/2,1/2,0)

> P3(0,a) 2.7 P_S-1, basis={(-1/2,-1/2,-1),(-1/2,-1/2,0),(0,2,0)}, origin=(-1/4,1/4,0), s=2, i=4, k-active= (-1/2,1/2,0)
C1 (a,b) 2.7 P_S-1, basis={(0,0,-1),(1,1,1),(0,-2,0)}, origin=(0,1/2,0), s=4, i=8, k-active= (1/2,1/2,0),(-1/2,1/2,0)

— “Conventional” one-k case
does not give physically .
reasonable solution http://stokes.byu.edu/iso/

ISOTROPY Software Suite

Harold T. Stokes, Dorian M. Hatch, and Branton J. Campbell, Department of Physics
and Astronomy, Brigham Young University, Provo, Utah 84606, USA,
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Shubnikov group

Shubnikov subgroup generated by 2D-
irrep mV- and P1 (a,a)

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4

Ca2/c 15.91 BNS
P:2/c 13.8.84 OG
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Shubnikov group

Shubnikov subgroup generated by 2D-

Ca2/c 15.91 BNS
P:2/c 13.8.84 OG

4
24
4

irrep mV-and P1 (a,a) X
C2/c —> Sh. group C.2/c ««

Basis transformation

A=2a+2c,B=-2b,C=—c

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4
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Shubnikov group ;¢ 70L %08

Shubnikov subgroup generated by 2D- AN
irrep mV- and P1 (a,a) .

C2/c —> Sh. group C.2/c

Basis transformation
A=2a+2c,B=-2b,C=—c

V. Pomjakushin, Multi-arm magnetic structures IUCR’14 27



Shubnikov group

Shubnikov subgroup generated by 2D-

Ca2/c 15.91 BNS
P:2/c 13.8.84 OG

4
24
4
[ ]

irrep mV- and P1 (a,a) X
C2/c —> Sh. group C.2/c ««

Basis transformation

A=2a+2c,B=-2b,C=—c

Spin configuration
two Ni11n (16g), two Cu 1n (8a)

Independently for both Cu-spins and Ni-
spins we have two normal modes,
constructed from parent C2/c::

3
S = Z (Ck,olklw)\(olkl) + CA,O1k2¢)\(01k2))
A=1

A=,y 2

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4

27



Shubnikov group ¢ !32!BNS

Shubnikov subgroup generated by 2D- AN
irrep mV- and P1 (a,a) x 5

C2/c —> Sh. group C.2/c ««

Basis transformation
A=2a+2c,B=-2b,C=—c

Spin configuration
two Ni11n (16g), two Cu 1n (8a)

Independently for both Cu-spins and Ni-
spins we have two normal modes,
constructed from parent C2/c::

3
S = Z (Ck,olklw)\(olkl) + CA,O1k2¢)\(01k2))
A=1

A=,y 2

orbitl with ki
In parent C-/ +

group __, |orbit2 with k>
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Shubnikov group ¢ !32!BNS

Shubnikov subgroup generated by 2D- AN
irrep mV- and P1 (a,a) x 5

C2/c —> Sh. group C.2/c ««

Basis transformation
A=2a+2c,B=-2b,C=—c

Spin configuration
two Ni11n (16g), two Cu 1n (8a)

Independently for both Cu-spins and Ni-
spins we have two normal modes,
constructed from parent C2/c::

3
S = Z (Ck,olklw)\(olkl) + CA,O1k2¢)\(01k2))

A=1
A= LY, <

orbit]l with k[ [orbit2 with k;
In parent C-/ + |

group ___, |orbit2 with kz| |orbit]l with k>
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Comparison of two modes
P, (01ky) [ 0] Y, (01ks) [-%%0]

1 fps

38.4 fps

V. FOMmMjaKkusnimn, I"miuiti=arim imagnecic struclures IV Cn 14



Comparison of two modes
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Comparison of two modes
P, (01ky) [ 0] Y, (01ks) [-%%0]

V. FOMmMjaKkusnimn, I"miuiti=arim imagnecic struclures IV Cn 14



Only one mode fits experimental data

Shubnikov group Cz2/c
generated by full propagation vector star

experimental values
<Sni>=0.945(5), <Scu>=0.31(1)
angle between <Sni> and <Scy>
= 160 degrees

“lorbit]l with K
_|_
orbit2 with k»
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k-vector and Shubnikov description

C2/c —> Sh. group C.2/c

A=2a+2c,B=-2b,C=—c

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4
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k-vector and Shubnikov description

C2/c —> Sh. group C.2/c

A=2a+2c,B=-2b,C=—c

(8f)-N1 and (4b)-Cu in C2/c
splits into two orbits

C-1 with kKi& ko

a, A 17.68079
b, A 4.80421
c, A 17.79799
3, deg 123.755

(4i) Nill zyz | 0.62065 0.5353 0.96795
orbit 1 mzymym, | 0.1539 -0.1984 -1.7917
(2c) Cul zyz | 030
mymym, | 0.3238 -0.1426 -0.3601
(41) Ni2l1 zyz | 0.37935 0.5353 0.53205
orbit2  mum,m, | 0.1539 0.1984 -1.7917
(2¢) Cu2 xYZ 0 % %
mymym, | -0.3238 -0.1426 0.3601
Nillc xzyz | 0.12065 0.0353 0.96795
£ = _(%, L o)y memym, | -0.1539 0.1984 1.7917
Culc zyz —% 00
mymym, | -0.3238 0.1426 0.3601
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k-vector and Shubnikov description

C2/c —> Sh. group C.2/c

A=2a+2c,B=-2b,C=—c

(8f)-N1 and (4b)-Cu in C2/c
splits into two orbits

C-1 with kKi& ko

a, A 17.68079
b, A 4.80421
c, A 17.79799
3, deg 123.755

(41) Nill xzyz | 0.62065 0.5353 0.96795
orbit 1 mgymym, | 0.1539 -0.1984 -1.7917
(2c) Cul zyz [0 50
MMy M, 0.3238 -0.1426 -0.3601
(41) Ni2l1 zyz | 0.37935 0.5353 0.53205
orbit2  m,m,m, | 0.1539 0.1984 -1.7917
(2¢) Cu2 xYZ 0 % %
mymym, | -0.3238 -0.1426 0.3601
Nillc zyz | 0.12065 0.0353 0.96795
£ = _(%, L o)y memym, | -0.1539 0.1984 1.7917
Culc zyz —% 00
mymym, | -0.3238 0.1426 0.3601
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k-vector and Shubnikov description

C2/c —> Sh. group C.2/c

(8f)-N1 and (4b)-Cuin C2/c

splits into two orbits

C—I with kKi& ko

a, A 17.68079
b, A 4.80421
c, A 17.79799
3, deg 123.755
(41) Nill xzyz | 0.62065 0.5353 0.96795
orbit 1 mgymym, | 0.1539 -0.1984 -1.7917
(2c) Cul zyz [0 50
MMy M, 0.3238 -0.1426 -0.3601
(41) Ni2l1 zyz | 0.37935 0.5353 0.53205
orbit2  mym,m, | 0.1539 0.1984 -1.7917
(2¢) Cu2 xYZ 0 % %
mymym, | -0.3238 -0.1426 0.3601
Nillc zyz | 0.12065 0.0352 ".96795
b= (L Loy memym. | -0.1539 0.1y 917
Culc zyz | — 1 0 ",&\Q
MgMym, | =" e(\@‘ u.1426 0.3601

m(t) = mg cos(27k;t)

)
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k-vector and Shubnikov description

C2/c —> Sh. group C.2/c

(8f)-N1 and (4b)-Cuin C2/c

splits into two orbits

C—I with kKi& ko

A=2a+2c,B=-2b,C=—c

3
S =) (Croma¥r(01ki) + Cr o 95 (01ko)
A=1 Mix generates two Ni

Cu2/c 15.91 BNS W
P.2/c 13.8.84 OG and two Cu positions

a, A 17.68079 33.44705
b, A 4.80421 9.608429
c, A 17.79799 17.79799
3, deg 123.755 118.477
(4i) Nill zyz | 0.62065 0.5353 0.96795
orbit 1 mgymym, | 0.1539 -0.1984 -1.7917
(2c) Cul zyz [0 50
MMy M, 0.3238 -0.1426 -0.3601
(4i) Ni2l1 zyz | 0.37935 0.5353 0.53205
orbit2  m,m,m, | 0.1539 0.1984 -1.7917
(2¢) Cu2 xYZ 0 % %
mymym, | -0.3238 -0.1426 0.3601
Nillc zyz | 0.12065 0.0352 ".96795
b= (L Loy memym. | -0.1539 0.1y 917
Culc zyz | — 1 0 ",&\Q
MgMym, | =" e(\@‘ u.1426 0.3601

m(t) = mg cos(27k;t)

)
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C2/c —> Sh. group C.2/c

(8f)-N1 and (4b)-Cuin C2/c

splits into two orbits

C—I with kKi& ko

A=2a+2c,B=-2b,C=—c

k-vector and Shubnikov description

3
S =) (Croma¥r(01ki) + Cr o 95 (01ko)

A=1

Ca2/c 15.91 BNS
P:2/c 13.8.84 OG

a, A 17.68079 33.44705
b, A 4.80421 9.608429
c, A 17.79799 17.79799
3, deg 123.755 118.477
(4i) Nill zyz | 0.62065 0.5353 0.96795 | 0.31033 -0.01765 -0.3473
orbit 1 memym, | 0.1539 -0.1984 -1.7917 | 0.1456 0.1984 1.9466
(2c) Culzyz |03 0 000
memym, | 0.3238 -0.1426 -0.3601 | 0.3063 0.1426 0.6860
(41) Ni2l zyz | 0.37935 0.5353 0.53205
orbit2  m,m,m, | 0.1539 0.1984 -1.7917
(2¢) Cu2 xYZ 0 % %
mymym, | -0.3238 -0.1426 0.3601
Nillc zyz | 0.12065 0.0352 °.96795 | 0.06033 0.23235 -0.8473
t= (2, L gy mymym, | -0.1539 0. 1fm““.m? -0.1456 -0.19843 -1.9466
Culc zyz —10"(&\,8 iZ %
mamym, | -~ 0@5.1426 0.3601 | -0.3063 -0.1426 -0.6860

m(t) = mg cos(27k;t)

)
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Cul (8a)

Nillc (16g)
Culc (8b)
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C2/c —> Sh. group C.2/c

(8f)-N1 and (4b)-Cuin C2/c

splits into two orbits

C—I with kKi& ko

A=2a+2c,B=-2b,C=—c

k-vector and Shubnikov description

3
S = (Cxroi,¥x(01K1) + Cx 0,1, %5 (01ks)

A=1

Ca2/c 15.91 BNS
P:2/c 13.8.84 OG

a, A 17.68079 33.44705
b, A 4.80421 9.608429
c, A 17.79799 17.79799
3, deg 123.755 118.477
(4i) Nill zyz | 0.62065 0.5353 0.96795 | 0.31033 -0.01765 -0.3473
orbit 1 Memym, | 0.1539 -0.1984 -1.7917 | 0.1456 0.1984 1.9466
(2c) Culzyz |03 0 000
memym, | 0.3238 -0.1426 -0.3601 | 0.3063 0.1426 0.6860
(41) Ni2l zyz | 0.37935 0.5353 0.53205
orbit2  m,m,m, | 0.1539 0.1984 -1.7917
(2¢) Cu2 xYZ 0 % %
mymym, | -0.3238 -0.1426 0.3601
Nillc zyz | 0.12065 0.0352 °.96795 | 0.06033 0.23235 -0.8473
t= (2, L gy mymym, | -0.1539 0. 1fm““.m? -0.1456 -0.19843 -1.9466
Culc zyz —10",&\,8 i— %
Memym, | -" 606‘ 5.1426 0.3601 | -0.3063 -0.1426 -0.6860

m(t) = mg cos(27k;t)

)
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Mix generates two Ni
and two Cu positions

Nill (16g)
Cul (8a)

Nillc (16g)
Culc (8b)
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k-vector and Shubnikov description

C2/c —> Sh. group C.2/c

(8f)-N1 and (4b)-Cuin C2/c

splits into two orbits

C—I with kKi& ko

A=2a+2c,B=-2b,C=—c

3
S = (Cxroi,¥x(01K1) + Cx 0,1, %5 (01ks)
A=1 Mix generates two Ni

Cu2/c 15.91 BNS W
P.2/c 13.8.84 OG and two Cu positions

a, A 17.68079 33.44705
b, A 4.80421 9.608429
c, A 17.79799 17.79799
3, deg 123.755 118.477
(4i) Nill zyz [ 0.62065 0.5353 0.96795 | 0.31033 -0.01765 -0.3473  Nj[] (16g)
orbit1 =~ mgmym, | 0.1539 -0.1984 -1.7917 | 0.1456 0.1984 1.9466
(2c) Cul zyz [0 50 000 Cul (8a)
memym, | 0.3238 -0.1426 -0.3601 | 0.3063 0.1426 0.6860
(4i) Ni2l zyz | 0.37935 0.5353 0.53205
orbit2  m,m,m, | 0.1539 0.1984 -1.7917 red by Sh. groub
(2¢) Cu2 xYZ 0 % % genera
mymym, | -0.3238 -0.1426 0.3601
Nillc zyz | 0.12065 0.0352 2.96795 [ 0.06033 0.23235 -0.8473  Nillc (16g)
t= (2, L gy mymym, | -0.1539 0. 1fm““.m? -0.1456 -0.19843 -1.9466
Culc zyz | — 1 0 ",&\Q i v % Culc (8b)
Mamym, | -~ 606‘ 1426 0.3601 | ~0.3063 -0.1426 -0.6860

m(t) = mg cos(27k;t)

)
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k-vector and Shubnikov description

C2/c —> Sh. group C.2/c

(8f)-N1 and (4b)-Cuin C2/c

splits into two orbits

C—I with kKi& ko

A =2a+2c,B= —2b,30= —C
S =) (Croma®¥r(01ki) + Cr o5 (01k2)
A=1 Mix generates two Ni

C.2/c 1591 BNS and two Cu positions
P:2/c 13.8.84 OG

a, A 17.68079 33.44705
b, A 4.80421 9.608429
c, A 17.79799 17.79799
3, deg 123.755 118.477
(4i) Nill zyz | 0.62065 0.5353 0.96795 | 0.31033 -0.01765 -0.3473  Nji11 (16g)
orbit 1 memym, | 0.1539 -0.1984 -1.7917 | 0.1456 0.1984 1.9466
(2c) Cul zyz | 030 000 Cul (8a)
memym, | 0.3238 -0.1426 -0.3601 | 0.3063 0.1426 0.6860
(41) Ni2l zyz | 0.37935 0.5353 0.53205
orbit2  mum,m, | 0.1539 0.1984 -1.7917
(2¢) Cu2 xYZ 0 % %
mymym, | -0.3238 -0.1426 0.3601
Nillc zyz | 0.12065 0.0353 0.96795 | 0.06033 0.23235 -0.8473  Nillc (16g)
= —(%, 1 0) memym, | -0.1539 0.1984 1.7917 | -0.1456 -0.19843 -1.9466
Culc zyz | —3 00 —11-1 Culc (8b)
memym, | -0.3238 0.1426 0.3601 | -0.3063 -0.1426 -0.6860

m(t) = mg cos(27k;t)
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Antiferromagnetic order in
orthorhombic multiferroic TmMnO0s

1. Constraints on basis functions vs.
superspace for the incommensurate two arm
k=[1/2+0,0,0]. {k}={-Kk,+k}

2. one-arm multi dimensional irrep k=[1/2,0,0]

New Journal of Physics 11, 043019 (2009)

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4
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Diffraction pattern TmMnO0s
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Diffraction pattern TmMnO0s
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T-dependence of Bragg peak positions

2theta (deg)
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V. Pomj

Refining the propagation k-vector
from profile matching fit
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V. Pomj

Refining the propagation k-vector
from profile matching fit

0-50 - ©------ o ---008b Firstly we determine
? iIncommensurate structure
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Indexed diffraction pattern

propagation vector k=[0.45,0,0]
, .

| ! T [ | T
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1.5 v -
i) I ~
- - ~ — l
S v — —
O 1.0 o 1 i — \/
O T ] N\ - -
~ v
= S ~ +: A
o —] I f\ﬁ — T
= — ! S| —
2 ~ o NV
< w "'. \\x\f‘?""'«m.m.
— | | L L | o
&
0.0 4 | | | | | -
| N o T L T

V. Pomjakushin, Multi-arm magnetic structures IUCR’14 36



Classifying possible magnetic structures
k-vector group

Group G: Pnma, no.62: 8 symmetry operators

(D1 (2) 2(0,0,3) 1,0,z (3) 2(0,5,0) 0,y,0 (4) 2(3,0,0)

5) 1T 0,0,0 (6) a Xx,y,3 (7) m x,3,2 (8) n(0,3,3)

V. Pomjakushin, Symmetry constraints in magnetic structures PSI’| 3
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Classifying possible magnetic structures
k-vector group

Group G: Pnma, no.62: 8 symmetry operators

(1)
(3)

(2) 2(0,0,3) 1,0,z (3) 2(0,3,0) 0,50 (4) 2(l 0, 0) X, 3,

1 .,
1 0,0,0 (6) a X.y,% (7) m x,1,

Little group Gk, k=[0.45,0,0]=[H,0,0] SM point of BZ

Little group of propagation vector Gk contains only the elements of G that do not change k

V. Pomjakushin, Symmetry constraints in magnetic structures PSI’| 3



Classifying possible magnetic structures
k-vector group

Group G: Pnma, no.62: 8 symmetry operators

e @ 20,04 102 (3)20,40) 050 ) 2(,0,0) 64D

5) 1 0,0,0 <®6) a x,y,1 7y m x,1.2> 8) n(0,37,3) 7,

Little group Gk, k=[0.45,0,0]=[H,0,0] SM point of BZ
Little group of propagation vector Gk contains only the elements of G that do not change k

P2 ma(Pmc2,,26)

(7) 'xa}j é*‘? (6) ‘r+%‘*‘~+

I+ 4
1 100\ /0 100
) 68) ) -~ () )
! 001/ \0 001

(1)1'~}"~: (4) -x_i_%*}_‘_{_%

- 100\ /0 100
rotation™ o0 (o] 2, o0io0
translation 001 0 001

= ON=
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Classifying possible magnetic structures
k-vector group

Group G: Pnma, no.62: 8 symmetry operators

<Z:3:::::> (2) 2(0,0.) 1.0.z (3) 2(0,1,0) 0,y,0 @) 2(4,0,0) x,1.D

5) 1 0,0,0 &) a x4 7)) m x,1.2> (8) n(0,5,1) 1.

Little group Gk, k=[0.45,0,0]=[H,0,0] SM point of BZ
Little group of propagation vector Gk contains only the elements of G that do not change k

P2 ma(Pmc2,,26)

(1)1'~}"~: (4) -x_i_%-}_‘_{_%f—}_% (7) *r~f+é*: (6) ‘r+%‘v“f

+
{100\ (0 100\ (3 100\ [0 100\ /5
rotatllop Eloto] [o] 2. (o010 o 010 ] m. | 010 0
translation 001 0 001 ! 001 0 001 5
star {k} -k is nonequivalent to +k
has two arms . . . 1
. . i.e. -k#k+recip. latt. period
< >
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Constructing normal modes of magnetic structure

from irreps
TmMnO03

Space Group G.: Pnma, n0.62
propagation vector k=[,0,0] SM point
of BZ

v
has 4 1D 1rreducible representations

< : -

symmetry:
irreps

V. Pomjakushin, Symmetry constraints in magnetic structures PSI’| 3



Constructing normal modes of magnetic structure

from irreps
TmMnO03

Space Group G: Pnma, no.62 . Mn in (4a)-position ¥
propagation vector k=[,0,0] SM point 5 P a
of BZ : < _
~ >
&
ed 2 v 4
’ ,
v , 3 | v g
has 4 1D irreducible representations o "‘4 e
T<a ” T L
<« >
symmetryé linear space
irreps : spanned by Mn spins

V. Pomjakushin, Symmetry constraints in magnetic structures PSI’| 3



TmMnO0s. Classifying possible magnetic structures
basis functions S+;, St2, St3, --.

Pnma, k=[-0.45,0,0]
Mn in (4a)-position == 12D magnetic representation 0,0, 1 3,3,0 0,3,3 10,0

in -| Mn-position 1 2 3 4

Magnetic representation is reduced
to four one-dimensional irreps

37‘1@37‘2@37’3@37’4

V. Pomjakushin, Symmetry constraints in magnetic structures PSI’| 3
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TmMnO0s. Classifying possible magnetic structures
basis functions St;, St2, St3, ...
Pnma, k=[-0.45,0,0]
Mn in (4a)-position == 12D magnetic representation 0,0, 1 75,0 0,41 10,0
in -| Mn-position 1 2 3 4

Magnetic representation is reduced
to four one-dimensional irreps

37‘1@37‘2@37’3@37’4

E 2, my m,
g1 92 g3 g4

T1 1 a 1 a

75 1 a —1 —a

s 1 —a 1 —a

™m 1 —a -1 «a
a — eﬂikw
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TmMnO0s. Classifying possible magnetic structures
basis functions S+;, St2, St3, --.

Pnma, k=[-0.45,0,0]

Mn in (4a)-position w=» 12D magnetic representation 0.0, 1 3:3,0 0,3,3 10,0
in -1

Mn-position 1 2 3 4
Magnetic representation is reduced ;3 = +ley; —a“ez; — leg, +a’ey,
to four one-dimensional irreps ;’3 — —|—191y + a*92y + 163y + a*e4y
311 & 379 @@@ 314 7o =+lej, +a"ey, — leg, —a'ey,

E 2, my m,
g1 92 g3 g4

T1 1 a 1 a

75 1 a —1 —a

@ 1 —a 1 —a

™m 1 —a -1 «a
a — eﬂikw
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TmMnO0s. Classifying possible magnetic structures
basis functions S+;, St2, St3, --.

Pnma, k=[-0.45,0,0]

Mn in (4a)-position w=» 12D magnetic representation 0.0, 1 3:3,0 0,3,3 10,0
in -1

Mn-position 1 2 3 4
Magnetic representation is reduced ;3 = +ley; —a“ez; — leg, +a’ey,
to four one-dimensional irreps ;’3 = +lej, + a® ez, + les, + a” €4y
371 @ 372 @@@ 374 7y =+ley, +a%es, — les, —a'ey,

E 2, my m,

For irreducible representation T3 the spins of all
four atoms are specified by 3 complex variables.

71

75 1 a —1 —a

@1 —a 1 -a ‘//\
T4 1

—a _1 a _I_ 02 _l_ 03 ///
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Refinement of the data for Ts

1 .
S(I‘) — —(01 3 T 02 3 T Cs /”) 2mikr -+ C.C.

) _ k=[-0.45,0,0]
7—3 — _I_lelx a €25 — 1eSx + a €4y

/7

11/ * *
3 — +le, ta eq, — 1eSz — A €4,
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Refinement of the data for Ts

1 .
S(r) = §(C’1 "o 4 028" 4+ C3575)e*™ " 4 c.c.

2.0 TmMnO, , 35K -
' DMC, A=4.5A
1.5 1 at T=35K

C1=2.11(1)pe, C2=0,

C3=0.67(2) €'P g
(P can be fixed to any value.
Experiment data are insensitive
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Visualization of the magnetic
structure

a cycloid structure propagating along x-direction

S(r) = Re [(C1573 + |Cs| exp(ip)Sr3) exp(2mikr)]

/
3 — +ley, — a*eZﬂU — les, + a*e4a:

11/ k
3 — +le1, +a"eq, — leg, — a*eélz

¢ ‘/
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Visualization of the magnetic
structure

Propagation of the spin, e.g. for atom no. |
S1(x) = Cqcos(kx)e, + |Cs|cos(kx + ¢)e,

¢ -
- 04690’0-\ -
=\ | ol Y4 P
V- a -
P 4 P g ad
~ P »
¢
37 >
e .4 p
0 "‘4 P y

- -~
V. Pomjakushin, Symmetry I 4]



Visualization of the magnetic
structure: xz-projection

for arbitrary ¢ cycloid:
both direction and size of S| are changed

4~ S ~ - .
=P < -l - 4 |
| . . _ _ R
2
]_ R Sk < -
X
k=[0.46,0,0] ® " m)
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Visualization of the magnetic
structure: xz-projection

for arbitrary ¢ cycloid:

P tion of the spin, e.g. for at N
both direction and size of S are changed ropagation ot the spin, €.g. for atom no

S1(x) = Cqcos(kx)e, + |Cs|cos(kx + ¢)e,

4 ¥ 4SS B s e
— = g ), . ~Sh 10 S
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Visualization of the magnetic
structure: xz-projection

for arbitrary :
both direction and size of S| are changed

’L —-——— J‘ O fjf kJ&r L Yo L 9 ‘1 . = | 7{7 _ | — ¥ |
AN,

k=[0.46,0,0] “__/
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Visualization of the magnetic
structure: xz-projection. Inversion.

for =0:
only the size of S| are changed:
Incommensurate amplitude-modulated order

Propagation of the spin, e.g. for atom no. |

Si(z) = (Cre, + |Csle,) cos(kx)

4'\ & 4 &> V-
S g . A - -
I 3 ¢ - & —ad

L h . ~a - - -
]_a, & =V & =V
= AN

k=[0.46,00] “__/

V. Pomjakushin, Symmetry constraints in magnetic structures PSI’| 3

44



Visualization of the magnetic
structure: xz-projection. Inversion.

for (p=0: : : :
for requirement to preserve inversion
only the size of S| are changed: «

: symmetry 1(C3)=C35"
Incommensurate amplitude-modulated order 4 y 1(Cs)

Propagation of the spin, e.g. for atom no. |

Si(z) = (Cre, + |Csle,) cos(kx)

4a. & 4 &> V-
S e~ Sk W - -
I A & 4 &> =V

Z S ht ~Sh . ~ 8
]_a, =¥ & =V

X

) >
k=[0.46,00] “__/
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Constraints on basis functions with irreps

in k-vector group
VS.

Magnetic superspace group

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4
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Magnetic group vs constraints on

basis functions. Case 1: ®#0

S1(x) = C; cos(kx)e, + |Cs| cos(kx + ¢)e,
¢#0: Inversion symmetry 1s lost

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4
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Magnetic group vs constraints on

basis functions. Case 1: ®#0

S1(x) = C; cos(kx)e, + |Cs| cos(kx + ¢)e,
¢#0: Inversion symmetry 1s lost

Firstly we go to the isotropy space subgroup
Pnma —> propagation vector group P2 ma (Pmc2,,?26)

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4
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Magnetic group vs constraints on

basis functions. Case 1: ®#0

S1(x) = C; cos(kx)e, + |Cs| cos(kx + ¢)e,
¢#0: Inversion symmetry 1s lost

Firstly we go to the isotropy space subgroup
Pnma —> propagation vector group P2 ma (Pmc2,,?26)

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

Harold T. Stokes, Dorian M. Hatch, and Branton J. Campbell, Department of Physics
V. Pomjakushin, Multi-arm magnetic structures IUCR’ 14 and Astronomy, Brigham Young University, Provo, Utah 84606, USA, 46



Magnetic group vs constraints on

basis functions. Case 1: ®#0

S1(x) = C; cos(kx)e, + |Cs| cos(kx + ¢)e,
¢#0: Inversion symmetry 1s lost

Firstly we go to the isotropy space subgroup
Pnma —> propagation vector group P2 ma (Pmc2,,?26)

ISODISTORT: distortion.

Space Group: 62 Pnma D2h-16, Lattice parameters: a=5.80520, b=7.31070, ¢=5.23350,
alpha=90.00000, beta=90.00000, gamma=90.00000

MN 4b (0,0,1/2), O1 4c¢ (x,1/4,z), x=0.45960 , z=0.11820, O2 8d (x,y,z), x=0.33010 , y=0.05490 ,
7z=-0.30160, Tm 4c (x,1/4,z), x=0.08460 , z=-0.01860

Irrep matrices: 2011 version for all k points

Include displacive distortions

k point: GM, k19 (0,0,0)

IR: GM3-, k19t6

P1 (a) 26 Pmc2 1, basis={(0,1,0),(0,0,1),(1,0,0)}, origin=(0,1/4,1/4), s=1, 1=2, k-active= (0,0,0)
Lattice parameters of undistorted supercell: a=7.31070, b=5.23350, ¢=5.80520, alpha=90.00000,
beta=90.00000, gamma=90.00000

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

Harold T. Stokes, Dorian M. Hatch, and Branton J. Campbell, Department of Physics

V. Pomjakushin, Multi-arm magnetic structures IUCR’ 14 and Astronomy, Brigham Young University, Provo, Utah 84606, USA,
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Magnetic group vs. k-vector irrep description

V. Pomjakushin, Symmetry constraints in magnetic structures PSI’| 3
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Magnetic group vs. k-vector irrep description
Secondly, we go to the 3D+1 magnetic group

ISODISTORT: distortion

Space Group: 26 Pmc2_1 C2v-2, Lattice parameters: a=7.31070, b=5.23350, ¢=5.80520,
alpha=90.00000, beta=90.00000, gamma=90.00000

MN 1 4c¢ (x,y,z), x=-0.25000 , y=0.25000 , z=0.00000, Tm_2 2b (1/2,y,z), y=-0.23140 , z=-0.08460
[Include strain, magnetic MN 1 Tm_1 Tm_2 distortions

k point: LD (0,0,g2), g=0.46000 (1 incommensurate modulation)

IR: mLD3LE3
P1P1 (a,b) 26.1 Pmc2_11'(00g)000s, basis={(1,0,0,0),(0,1,0,0),(0,0,1,1),(0,0,0,1)}, origin=(0,0,0,0)
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Magnetic group vs. k-vector irrep description
Secondly, we go to the 3D+1 magnetic group

ISODISTORT: distortion
Space Group: 26| Pmc2_1 (C2v-2, Lattice parameters: a=7.31070, b=5.23350, ¢=5.80520,

alpha=90.00000, beta=90.00000, gamma=90.00000

MN 1 4c (x,y,z), x=-0.25000 , y=0.25000 , z=0.00000, Tm_2 2b (1/2,y,z), y=-0.23140 , z=-0.08460
[Include strain, magnetic MN 1 Tm 1 Tm 2 distortions

k point: LD (0,0,g), 2=0.46000 (1 incommensurate modulation)

IR: mLD3LE3
P1P1 (a,b) 26.1 Pmc2_11'(00g)000s, basis={(1,0,0,0),(0,1,0,0),(0,0,1,1),(0,0,0,1)}, origin=(0,0,0,0)
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Magnetic group vs. k-vector irrep description
Secondly, we go to the 3D+1 magnetic group

ISODISTORT: distortion
Space Group: 26| Pmc2_1 (C2v-2, Lattice parameters: a=7.31070, b=5.23350, ¢=5.80520,

alpha=90.00000, beta=90.00000, gamma=90.00000
MN 1 4c¢ (x,y,z), x=-0.25000 , y=0.25000 , z=0.00000, Tm_2 2b (1/2,y,z), y=-0.23140 , z=-0.08460
[Include strain, magnetic MN 1 Tm 1 Tm 2 distortions

k point: LD (0,0,g), 2=0.46000 (1 incommensurate modulation)

IR-mLD3LE3
P1P1 (a,b) 26.1 Pmc2_11'(00g)000s, basis={(1,0,0,0),(0,1,0,0),(0,0,1,1),(0,0,0,1)}, origin=(0,0,0,0)
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Magnetic group vs. k-vector irrep description
Secondly, we go to the 3D+1 magnetic group

ISODISTORT: distortion
Space Group: 26/Pmc2_ 1 €2v-2, Lattice parameters: a=7.31070, b=5.23350, ¢=5.80520,

alpha=90.00000, beta=90.00000, gamma=90.00000
MN 1 4c¢ (x,y,z), x=-0.25000 , y=0.25000 , z=0.00000, Tm_2 2b (1/2,y,z), y=-0.23140 , z=-0.08460
[Include strain, magnetic MN 1 Tm 1 Tm 2 distortions

k point: LD (0,0,g), 2=0.46000 (1 incommensurate modulation)

IR mLD3LE3
P1P1 (a,b) 26.1 Pmc2_11'(00g)000s, basis={(1,0,0,0),(0,1,0,0),(0,0,1,1),(0,0,0,1)}, origin=(0,0,0,0)

V. Pomjakushin, Symmetry constraints in magnetic structures PSI’| 3 47



Magnetic group vs. k-vector irrep description
Secondly, we go to the 3D+1 magnetic group

ISODISTORT: distortion
Space Group: 26/Pmc2_ 1 €2v-2, Lattice parameters: a=7.31070, b=5.23350, ¢=5.80520,

alpha=90.00000, beta=90.00000, gamma=90.00000
MN 1 4c (x,y,z), x=-0.25000 , y=0.25000 , z=0.00000, Tm_2 2b (1/2,y,z), y=-0.23140 , z=-0.08460
[Include strain, magnetic MN 1 Tm 1 Tm 2 distortions

k point: LD (0,0,g), g2=0.46000 (1 incommensurate modulation)

IR mLD3LE3
P1P1 (a,b) 26.1 Pmc2_11'(00g)000s, basis={(1,0,0,0),(0,1,0,0),(0,0,1,1),(0,0,0,1)}, origin=(0,0,0,0)
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Magnetic group vs. k-vector irrep description
Secondly, we go to the 3D+1 magnetic group

ISODISTORT: distortion
Space Group: 26/Pmc2_ 1 €2v-2, Lattice parameters: a=7.31070, b=5.23350, ¢=5.80520,

alpha=90.00000, beta=90.00000, gamma=90.00000

MN 1 4c¢ (x,y,z), x=-0.25000 , y=0.25000 , z=0.00000, Tm_2 2b (1/2,y,z), y=-0.23140 , z=-0.08460
[Include strain, magnetic MN 1 Tm 1 Tm 2 distortions

k point: LD (0,0,g2), 2=0.46000 (1 incommensurate modulation)
IR mLD3LE3

P1P1 (a,b) 26.1 Pmc2_11'(00g)000s, basis={(1,0,0,0),(0,1,0,0),(0,0,1,1),(0,0,0,1)}, origin=(0,0,0,0)




“Chirality”

S(r) = Re [(C1SLs + |Cs| exp(ig) S4) exp(2mikr)

a cycloid structure propagating along x-direction

O

k=[+0.46,0,0]

—5 < (F(a)-F*(q) +iP - [F(q) x F"(q)]) - 6(H =

|polarised neutron (chiral)
term.

S s = (+1le1, — a*ex, — leg, + aeyy)

S’y = (+1ey1, + a*ey, — les, —a’ey,)

V. Pomjakushin, Symmetry constraints in magnetic structures PSI’| 3



“Chirality”

S(r) = Re[(C1573 + |Cs| exp(ip)Sr3) exp(2mikr)]

a cycloid structure propagating along x-direction

O

k=[+0.46,0,0]

— o (F(q)-F*(q) +/P - [F(q) x F*(q)]) - 0(H+ k — q)

|polarised neutron (chiral)

term. C¢_|_99 _> CC_CC . .
@ “Chirality”
"o = (+1ley, —a*esy — les, + a’eyy) - +1
Vo= (+1le1, +a%es, — leg, —a*ey,)|x(+i),p=m/2 U W
a — eﬁikx
-1

V. Pomjakushin, Symmetry constraints in magnetic structures PSI’| 3
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Magnetic group vs. constraints on
basis functions. Case 2: =0

S1(x) = Cqcos(kz)e, + |Cs|cos(kx + ¢)e,
¢ = 0: all symmetry elements of Pnma

Pnma —> group of propagation vector star Pnma

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4
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2D irreps

ISODISTORT: IR matrices

Irrep matrices: 2011 version for all k points

Space Group 62 Pnma

For each representative symmetry element ofthe parent space group, we
display (1) the space-group operator, (2) the character of the IR of the little
group of k if the operator is contained in the little group of k, and (3) the IR
matrix.

IR MSM3
Star of k: (a,0,0), (-a,0,0), a=0.480

IR matrix of phase shift d: T(d)=(c, s /-s, ¢)

where c=cos(2*p1*d), s=sin(2*pi1*d), k=(a,
0,0), a=0.480

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4

of the star {k}

1:(x1,x2,x3,x4;m1,m2,m3)
2[100]:(x1+1/2,-x2+1/2,-x3+1/2,x4;m1,-m2,-m3)
2[010]:(-x1,x2+1/2,-x3,-x4;-m1,m2,-m3)
2[001]:(-x1+1/2,-x2,x3+1/2,-x4;-m1,-m2,m3)
-1:(-x1,-x2,-x3,-x4;m1,m2,m3)
-2[100]:(-x1+1/2,x2+1/2,x3+1/2,-x4;m1,-m2,-m3)
-2[010]:(x1,-x2+1/2,x3,x4;-m1,m2,-m3)
-2[001]:(x1+1/2,x2,-x3+1/2,x4;-m1,-m2,m3)
1':(x1,x2,x3,x4;-m1,-m2,-m3)
2'[100]:(x1+1/2,-x2+1/2,-x3+1/2,x4;-m1,m2,m3)
2'[010]:(-x1,x2+1/2,-x3,-x4;m1,-m2,m3)
2'[001]:(-x1+1/2,-x2,x3+1/2,-x4;m1,m2,-m3)
-1':(-x1,-x2,-x3,-x4;-m1,-m2,-m3)
-2'[100]:(-x1+1/2,x2+1/2,x3+1/2,-x4;-m1,m2,m3)
-2'[010]:(x1,-x2+1/2,x3,x4;m1,-m2,m3)

-2'[001]:(x1+1/2,x2,-x3+1/2,x4;m1,m2,-m3)

-0.063-0.998i

-0.063-0.998i

0.063+0.998i

0.063+0.998i

(@)
1

(1,0/0, 1)

(-1,0/0, -1)
(1,0/0, -1)
(-1,07/0, 1)
(1,07/0, -1)

(-1,07/0, 1)

! (1,0/0, 1)

-1

-1

(-1,0/0, -1)
(-1,07/0, -1)
(1,07/0,1)

(-1,0/0, 1)
(1,0/0, -1)
(-1,07/0, 1)
(1,0/0,-1)
(-1,0/0, -1)

(1,07/0,1)
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2D irreps

ISODISTORT: IR matrices

Irrep matrices: 2011 version for all k points

Space Group 62 Pnma

For each representative symmetry element ofthe parent space group, we
display (1) the space-group operator, (2) the character of the IR of the little
group of k if the operator is contained in the little group of k, and (3) the IR
matrix.

IR MSM3

Star of k: (a,0,0), (-a,0,0), a=0.480

IR matrix of phase shift d: T(d)=(c, s /-s, c)
where c=cos(2*p1*d), s=sin(2*pi1*d), k=(a,
0,0), a=0.480

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4

of the star {k}

1:(x1,x2,x3,x4;m1,m2,m3)
2[100]:(x1+1/2,-x2+1/2,-x3+1/2,x4;m1,-m2,-m3)
2[010]:(-x1,x2+1/2,-x3,-x4;-m1,m2,-m3)
2[001]:(-x1+1/2,-x2,x3+1/2,-x4;-m1,-m2,m3)
-1:(-x1,-x2,-x3,-x4;m1,m2,m3)
-2[100]:(-x1+1/2,x2+1/2,x3+1/2,-x4;m1,-m2,-m3)
-2[010]:(x1,-x2+1/2,x3,x4;-m1,m2,-m3)
-2[001]:(x1+1/2,x2,-x3+1/2,x4;-m1,-m2,m3)
1':(x1,x2,x3,x4;-m1,-m2,-m3)
2'[100]:(x1+1/2,-x2+1/2,-x3+1/2,x4;-m1,m2,m3)
2'[010]:(-x1,x2+1/2,-x3,-x4;m1,-m2,m3)
2'[001]:(-x1+1/2,-x2,x3+1/2,-x4;m1,m2,-m3)
-1':(-x1,-x2,-x3,-x4;-m1,-m2,-m3)
-2'[100]:(-x1+1/2,x2+1/2,x3+1/2,-x4;-m1,m2,m3)
-2'[010]:(x1,-x2+1/2,x3,x4;m1,-m2,m3)

-2'[001]:(x1+1/2,x2,-x3+1/2,x4;m1,m2,-m3)

-0.063-0.998i

-0.063-0.998i

0.063+0.998i

0.063+0.998i

(@)
1

(1,07/0, 1)

(-1,0/0, -1)
(1,0/0, -1)
(-1,07/0, 1)
(1,07/0, -1)

(-1,07/0, 1)

1 (1,07/0, 1)

-1

-1

(-1,0/0, -1)
(-1,07/0, -1)
(1,07/0,1)

(-1,0/0, 1)
(1,0/0, -1)
(-1,07/0, 1)
(1,0/0,-1)
(-1,0/0, -1)

(1,07/0,1)
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2D irreps

ISODISTORT: IR matrices

Irrep matrices: 2011 version for all k points

Space Group 62 Pnma

For each representative symmetry element ofthe parent space group, we
display (1) the space-group operator, (2) the character of the IR of the little
group of k if the operator is contained in the little group of k, and (3) the IR
matrix.

IR MSM3

Star of k: (a,0,0), (-a,0,0), a=0.480

IR matrix of phase shift d: T(d)=(c, s /-s, c)
where c=cos(2*p1*d), s=sin(2*pi1*d), k=(a,
0,0), a=0.480

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4

of the star {k}

1:(x1,x2,x3,x4;m1,m2,m3)
2[100]:(x1+1/2,-x2+1/2,-x3+1/2,x4;m1,-m2,-m3)
2[010]:(-x1,x2+1/2,-x3,-x4;-m1,m2,-m3)
2[001]:(-x1+1/2,-x2,x3+1/2,-x4;-m1,-m2,m3)
-1:(-x1,-x2,-x3,-x4;m1,m2,m3)
-2[100]:(-x1+1/2,x2+1/2,x3+1/2,-x4;m1,-m2,-m3)
-2[010]:(x1,-x2+1/2,x3,x4;-m1,m2,-m3)
-2[001]:(x1+1/2,x2,-x3+1/2,x4;-m1,-m2,m3)
1':(x1,x2,x3,x4;-m1,-m2,-m3)
2'[100]:(x1+1/2,-x2+1/2,-x3+1/2,x4;-m1,m2,m3)
2'[010]:(-x1,x2+1/2,-x3,-x4;m1,-m2,m3)
2'[001]:(-x1+1/2,-x2,x3+1/2,-x4;m1,m2,-m3)
-1':(-x1,-x2,-x3,-x4;-m1,-m2,-m3)
-2'[100]:(-x1+1/2,x2+1/2,x3+1/2,-x4;-m1,m2,m3)
-2'[010]:(x1,-x2+1/2,x3,x4;m1,-m2,m3)

-2'[001]:(x1+1/2,x2,-x3+1/2,x4;m1,m2,-m3)

IR matrices

(2 (3)

f (1,07/0, 1)

-0.063-0.998i (-1,0/0, -1)
(1,0/0, -1)
(-1,07/0, 1)
(1,0/0, -1)
(-1,07/0, 1)
f (1,07/0, 1)

-0.063-0.998i
" 11,00, -1)

. (-1,0/0, -1)

0.063+0.998i (1.0/0, 1)

(-1,0/0, 1)
(1,0/0, -1)
(-1,07/0, 1)
(1,0/0,-1)

. (-1,0/0, -1)

0.063+0.998i (1.0/0, 1)
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Case 2: =0. Superspace magnetic
centrosymmetric group

ISODISTORT: distortion

Space Group: 62 Pnma D2h-16, Lattice parameters: a=5.80520, b=7.31070, ¢=5.23350,
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 standard setting

MN 4b (0,0,1/2), O1 4c (x,1/4,z), x=0.45960 , z=0.11820, O2 8d (x,y,z), x=0.33010 , y=0.05490 ,
7z=-0.30160, Tm 4c (x,1/4,z), x=0.08460 , z=-0.01860

[rrep matrices: 2011 version for all k points

Include magnetic MN Tm distortions

k point: SM (a,0,0), a=0.48000 (1 incommensurate modulation)

IR: mSM3

P1Z (a,0) 62.5 Pmcn1'(00g)000s, basis={(0,1,0,0),(0,0,1,0),(1,0,0,1),(0,0,0,1)}, origin=(0,0,0,0),
s=1, 1=1

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4

51



Case 2: =0. Superspace magnetic
centrosymmetric group

ISODISTORT: distortion

Space Group: 6 M D2h-16, Lattice parameters: a=5.80520, b=7.31070, ¢=5.23350,
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 standard setting

MN 4b (0,0,1/2), O1 4c (x,1/4,z), x=0.45960 , z=0.11820, O2 8d (x,y,z), x=0.33010 , y=0.05490 ,
7z=-0.30160, Tm 4c (x,1/4,z), x=0.08460 , z=-0.01860

[rrep matrices: 2011 version for all k points

Include magnetic MN Tm distortions

k point: SM (a,0,0), a=0.48000 (1 incommensurate modulation)

IR: mSM3

P1Z (a,0) 62.5 Pmcn1'(00g)000s, basis={(0,1,0,0),(0,0,1,0),(1,0,0,1),(0,0,0,1)}, origin=(0,0,0,0),
s=1, 1=1
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Case 2: (p=0. Superspace magnetic
centrosymmetric group

ISODISTORT: distortion

Space Group: 6 m D2h-16, Lattice parameters: a=5.80520, b=7.31070, ¢=5.23350,
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 standard setting

MN 4b (0,0,1/2), O1 4c (x,1/4,z), x=0.45960 , z=0.11820, O2 8d (x,y,z), x=0.33010 , y=0.05490 ,
7z=-0.30160, Tm 4c (x,1/4,z), x=0.08460 , z=-0.01860

[rrep matrices: 2011 version for all k points

Include magnetic MN Tm distortions

k point: SM (a,0,0), a=0.48000 (1 incommensurate modulation)
IR: mSM )5

P1Z (a,0) 62.5 Pmcn1'(00g)000s, basis={(0,1,0,0),(0,0,1,0),(1,0,0,1),(0,0,0,1)}, origin=(0,0,0,0),
s=1, 1=1
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Case 2: (p=0. Superspace magnetic
centrosymmetric group

ISODISTORT: distortion

Space Group: 6 m D2h-16, Lattice parameters: a=5.80520, b=7.31070, ¢=5.23350,
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 standard setting

MN 4b (0,0,1/2), O1 4c (x,1/4,z), x=0.45960 , z=0.11820, O2 8d (x,y,z), x=0.33010 , y=0.05490 ,
7z=-0.30160, Tm 4c (x,1/4,z), x=0.08460 , z=-0.01860

[rrep matrices: 2011 version for all k points

Include magnetic MN Tm distortions

k point: SM (a,0,0), a=0.48000 (1 incommensurate modulation)
IR mSM3

P1Z (a,0) 62.5 Pmen1'(00g)000s, basis={(0,1,0,0),(0,0,1,0),(1,0,0,1),(0,0,0,1)}, origin=(0,0,0,0),

s=1, 1=1

Pnma -> bca Pmcn
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51



Vizualization of Pmcnl’(009)000s by
ISODISTORT
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)
o
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Vizualization of Pmcnl’(009)000s by
ISODIST ORT

Recap: In the propagation

vector approach:

requirement of (p=0.

only the sizes of spins are 4-""' 0-“"

changed: Incommensurate
amplitude-modulated order

Sl( ) (C’lex + |C’3|ez) COS(IIC.I‘
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Magnetic structure of commensurate phase

(ferroelectric)
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V. Pomj

Magnetic structure of commensurate phase

(ferroelectric)
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Commensurate phase (ferroelectric)

star {k}

© i k=[1/2,0,0]

label X

Gk=G

V. Pomjakushin, Advanced magnetic structures ETHZ ‘10
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Commensurate phase (ferroelectric)

star {k}
k=[1/2,0,0]
 label X
Gk=G LR
IT 2x 2y 2, I Ny my a:
Prnma k=[1/2,0,0], k20, x & Kovalev /2 /3 /4 /25 J26 /27T /28
irreps: two 2D 11, T2 o 1 YO { 01) (01 01\ (10) (1 0
o (o) (o) (c10) (o) (1) G1) @ -1)
d<'(g)
79 = #1 x1 I I 1 1 1 1
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Classifying possible magnetic structures

basis functions
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Classifying possible magnetic

V. Pomjakushin, Multi-ar... ...cq..cu
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Classifying possible magnetic structures
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Two basis functions and along x.

Mn-position (1)00~% (2]%%~0 (3)0~%*% (4) %*OO

El=+1 +1 -1 -1
E2=+1 -1 -1 +1
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Two basis functions and along x.

Mn-position (1)00~% (2]%%~0 (3)0~%*% (4) %*OO

El=+1 +1 -1 -1
E2=+1 -1 -1 +1
Any linear combination, in general
(E1+E2)/2 = +1 0 -1 0
(EI-E2)/2 = O 1

V. Pomjakushin, Multi-arm magnetic structures IUCR’ |4
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function €1 -> Sh. group Pprmn2;
ISODISTORT: order parameter direction

Space Group: 62 Pnma D2h-16, Lattice parameters: a=5.80520, b=7.31070, ¢c=5.23350, 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 standard setting
MN 4b (0,0,1/2), O1 4c (x,1/4,z), x=0.45960 , z=0.11820, O2 8d (x,y,z), x=0.33010 , y=0.05490 , z=-0.30160, Tm 4c (x,1/4,z), x=0.08460 , z=-0.01860

Irrep matrices: 2011 version for all k points

Include magnetic MN Tm distortions

k point: X, k21 (1/2,0,0)

IR: mX1, mk21t1

P1 (a,0) 11.55 P a2 1/m, basis={(2,0,0),(0,1,0),(0,0,1)}, origin=(1/2,0,0), s=2, 1=4, k-active= (1/2,0,0)
P3 (a,a) 31.129 P bmn2 1, basis={(0,1,0),(2,0,0),(0,0,-1)}, origin=(3/4,1/4,0), s=2, 1=4, k-active=
(1/2,0,0)

Cl (a,b) 6.21 P_am, basis={(2,0,0),(0,1,0),(0,0,1)}, origin=(0,1/4,0), s=2, 1=8, k-active= (1/2,0,0)

57



function €1 -> Sh. group Pprmn2;
ISODISTORT: order parameter direction

Space Group: 62 Pnma D2h-16, Lattice parameters: a=5.80520, b=7.31070, ¢c=5.23350, 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 standard setting
MN 4b (0,0,1/2), O1 4c (x,1/4,z), x=0.45960 , z=0.11820, O2 8d (x,y,z), x=0.33010, y=0.05490 , z=-0.30160, Tm 4c (x,1/4,z), x=0.08460 , z=-0.01860

Irrep matrices: 2011 version for all k points

Include magnetic MN Tm distortions

k point: X, k21 (1/2,0,0)

IR: mX1, mk21t1

P1 (a,0) 11.55 P a2 1/m, basis={(2,0,0),(0,1,0),(0,0,1)}, origin=(1/2,0,0), s=2, 1=4, k-active= (1/2,0,0)
P3 (a,a) 31.129 P bmn2 1, basis={(0,1,0),(2,0,0),(0,0,-1)}, origin=(3/4,1/4,0), s=2, 1=4, k-active=
(1/2,0,0)

Cl (a,b) 6.21 P_am, basis={(2,0,0),(0,1,0),(0,0,1)}, origin=(0,1/4,0), s=2, 1=8, k-active= (1/2,0,0)

oy D L0z (3)20.4.0) 000 (4)2(2.0.0) x1t
(5) 1 0,0,0 6) @ X1 D) m x.3,2> 8) n(0,3, 11,32

J
Pmn2; \TI' = _<—..—_— Q; 1,‘\
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function CiE1 + C2E2 -> Sh. group P.m
ISODISTORT: order parameter direction

Space Group: 62 Pnma D2h-16, Lattice parameters: a=5.80520, b=7.31070, ¢=5.23350, 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 standard setting
MN 4b (0,0,1/2), O1 4c (x,1/4,z), x=0.45960 , z=0.11820, O2 8d (x,y,z), x=0.33010 , y=0.05490 , z=-0.30160, Tm 4c (x,1/4,z), x=0.08460 , z=-0.01860

Irrep matrices: 2011 version for all k points

Include magnetic MN Tm distortions

k point: X, k21 (1/2,0,0)

IR: mX1, mk21t1

P1 (a,0) 11.55 P a2 1/m, basis={(2,0,0),(0,1,0),(0,0,1)}, origin=(1/2,0,0), s=2, 1=4, k-active= (1/2,0,0)
P3 (a,a) 31.129 P bmn2 1, basis={(0,1,0),(2,0,0),(0,0,-1)}, origin=(3/4,1/4,0), s=2, 1=4, k-active=
(1/2,0,0)

Cl (a,b) 6.21 P_am, basis={(2,0,0),(0,1,0),(0,0,1)}, origin=(0,1/4,0), s=2, 1=8, k-active= (1/2,0,0)
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function CiE1 + C2E2 -> Sh. group Pam
ISODISTORT: order parameter direction

Space Group: 62 Pnma D2h-16, Lattice parameters: a=5.80520, b=7.31070, ¢=5.23350, 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 standard setting
MN 4b (0,0,1/2), O1 4c (x,1/4,z), x=0.45960 , z=0.11820, O2 8d (x,y,z), x=0.33010 , y=0.05490 , z=-0.30160, Tm 4c (x,1/4,z), x=0.08460 , z=-0.01860

Irrep matrices: 2011 version for all k points

Include magnetic MN Tm distortions

k point: X, k21 (1/2,0,0)

IR: mX1, mk21t1

P1 (a,0) 11.55 P a2 1/m, basis={(2,0,0),(0,1,0),(0,0,1)}, origin=(1/2,0,0), s=2, 1=4, k-active= (1/2,0,0)
P3 (a,a) 31.129 P bmn2 1, basis={(0,1,0),(2,0,0),(0,0,-1)}, origin=(3/4,1/4,0), s=2, 1=4, k-active=
(1/2,0,0)

Cl (a,b) 6.21 P_am, basis={(2,0,0),(0,1,0),(0,0,1)}, origin=(0,1/4,0), s=2, 1=8, k-active= (1/2,0,0)

w1 D (2) 2(0,0,3) 4,0,z (3) 2ﬁ_i 0) 0.,y,0 (4) 2(4,0,0) x,44

.,_\

N o
-

Pm
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The end
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