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Literature on (magnetic) neutron
scattering

Neutron scattering (general)

S.W. Lovesey, “Theory of Neutron Scattering from Condensed Matter”,
Oxford Univ. Press, 1987.Volume 2 for magnetic scattering. Definitive
formal treatment

G.L. Squires, “Intro. to the Theory of Thermal Neutron Scattering”, C.U.P,
1978, Republished by Dover, 1996. Simpler version of Lovesey.

All you need to know about magnetic neutron
diffraction. Symmetry, representation analysis

Yu.A. lzyumov,V. E. Naish and R. P. Ozerov, "Neutron diffraction of magnetic
materials”, New York [etc.]: Consultants Bureau, 1991.
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Overview of Lecture

® Principles of magnetic neutron scattering/
diffraction

® Types of magnetic structures

® Description of all possible magnetic structures. k-
vector formalism for classifying the magnetic
modes

® Real example of magnetic structure determination
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Magnetic neutron scattering on an atom
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Magnetic neutron scattering on an atom

S He = _zﬂBé

R (S
i
X R
Magnetic field from an electron  H(R) = —rot HJ‘QR‘B + transl.part

PSI diffraction Workshop’08



Magnetic neutron scattering on an atom
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Magnetic neutron scattering on an atom

&
My = 27k s W@, = —2ups

Magnetic field from an electron ~ H(R) = —rot + transl.part

neutron-electron dipole interaction V(R) = —v,uné'H(R)
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Magnetic neutron scattering on an atom

&
My = 27k s,

—Q/LBé

pe xR
- R[P

Magnetic field from an electron ~ H(R) = —rot + transl.part

neutron-electron dipole interaction V(R) = —v,uné'H(R)

. 1 .
averaging over neutron <k,‘V(R)Lk> _ ’77“@5'—2 [q % [éiezqri X QH
q=k - q

coordinates
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Magnetic neutron scattering on an atom

o
My = 27k a8 He=—2upS
X R
Magnetic field from an electron  H(R) = —rot HJ‘QR‘S + transl.part

neutron-electron dipole interaction V(R) = —v,uné'H(R)

averaging over neutron k, ‘ V Lk i A
2

coordinates
\ Q J

magnetic
interaction Q i
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Magnetic neutron scattering on an atom

“magnetic scattering amplitude” = YT'¢ <QJ_> ]
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Magnetic neutron scattering on an atom
1. The size

“magnetic scattering amplitude” — YT'¢ <QJ_> ]
62

neutron magnetic moment in U, -1.91 classical electron radius

mc?
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Magnetic neutron scattering on an atom
1. The size

“magnetic scattering amplitude” — YT'¢ <QJ_> ]
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neutron magnetic moment in U, -1.91 classical electron radius
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Magnetic neutron scattering on an atom
1. The size

“magnetic scattering amplitude” — YT'¢ <QJ_> ]
62

neutron magnetic moment in U, -1.91 classical electron radius

2
TcC
vre=—0.54-10""cm=—5.4 fm(x S)

fm=fermi=10-'3cm

x-ray scattering length: A
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Magnetic neutron scattering on an atom
1. The size

“magnetic scattering amplitude” — YT'¢ <QJ_> ]
62

neutron magnetic moment in U, -1.91 classical electron radius

2
TcC
vre=—0.54-10""cm=—5.4 fm(x S)

fm=fermi=10-'3cm

Comparison of neutron scattering lengths (fm)

magnetic

Mn3* (S=2): /~10.8,\ Cu?* (S='%4): /-2.65
nuclear

Mn \-3.7,/ Cu: 7.7
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magnetic scattering intensity can be
larger than the nuclear one

magnetic nuclear
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Magnetic neutron scattering on an atom

“magnetic scattering amplitude” = YT'e <QJ_> ;
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Magnetic neutron scattering on an atom

2. q-dependence
“magnetic scattering amplitude™ = YT’¢ ;

qig[qXqu]
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Magnetic neutron scattering on an atom

2. q-dependence
“magnetic scattering amplitude™ = YT’¢ ;
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Magnetic neutron scattering on an atom

2. q-dependence

“magnetic scattering amplitude” = YT'e

a,).

Fourier image of the spin density in atom
or magnetic form-factor

0.8

Y—, 0.4
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Magnetic neutron scattering on an atom

“magnetic scattering amplitude” = YT'¢ <QJ_>

Q, =gxQxq =[@xSxqf(q)
q=4a/q
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Magnetic neutron scattering on an atom

3. geometry

“magnetic scattering amplitude” = YT'¢ <QJ_>

Q. =axQx3q <q>
qa=aq/q
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Magnetic neutron scattering on an atom
3. geometry

“magnetic scattering amplitude” = YT'¢ <QJ_>

Q. =axQx3q <q>
qa=aq/q

Q. | = [S]sin(p)
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Elastic scattering intensity

Neutron scattering cross-section
(for unpolarized neutron beam)
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Elastic scattering on a lattice of spins

incoherent [ ~ <§2> = 5(S+ 1) / f \ <0 \ &
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Elastic scattering on a lattice of spins

incoherent [ ~ <§2> = 5(S+ 1) / f \ <0 \ &

I
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Elastic scattering on a lattice of spins

incoherent I ~ <SQ> S(S +1 / f \ «o— \ &

coherent Bragg scattering

b,
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Elastic scattering on a lattice of spins

incoherent I ~ <SQ> S(S +1 / f \ «o— \ &

coherent Bragg scattering

b,
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Non-polarized neutron diffraction

magnetic nuclear

\ /
I o (|Quon + FI7),

average over neutron polarization
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Non-polarized neutron diffraction

magnetic nuclear

\ /
I o (|Quon + FI7),

average over neutron polarization

I o (Q,00)(Q’0n) + FF* Ng@i LFQL)),

no magnetic/nuclear interference

[oc|QL[* +|F|7

Magnetic and nuclear scattering are completely independent and can be
treated as two independent phases in the Rietveld refinement
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Interference between nuclear and
magnetic scattering

General note:

When the magnetic unit cell is larger than the
nuclear one (propagation vector k+0) the
interference between nuclear and magnetic
scattering is absent in any (un)polarized
neutron diffraction experiment.

Reason: Magnetic Bragg peaks appear at
different positions in reciprocal space
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Only amplitudes can be determined

S = Sgcos(2mkz + ¢), k = >

Amplitude

Spin/atom magnetic
moment

¢ ="Tm/8

PSI diffraction Workshop’08



Only amplitudes can be determined

3
g_g ol po— 2 J ~ S? F
Spi _— @(WZJF@’ ! SOJFSW)
pin/atom magnetic Amplitude
moment °
¢ = "Tm/8
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¢ ="Tm/8

¢

Only amplitudes can be determined

I~S§+&%)

S = Sgcos(2mkz + ¢), k =
/

Spin/atom magnetic
moment

=~

Amplitude
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Only amplitudes can be determined

S = Sgcos(2mkz + ¢), k =
/

Spin/atom magnetic
moment

=~

Amplitude

¢ ="Tm/8

m2 m3 2 4

5 /2 LS AN NI SN

NS O NS

I~S§+&%)

The phase @ is not accessible and the magnetic moments on
the atoms cannot be determined.
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powder diffraction, + and -
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powder diffraction, + and -

+ thanks to strong dependence of Q. on S and q the
powder experiment is in most cases sufficient
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restriction on the determination of spin direction
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powder diffraction, + and -

+ thanks to strong dependence of Q. on S and q the
powder experiment is in most cases sufficient

+ experimentally simple, full g-range is detected, no
missed incommensurate satellites, better resolution

+ no difficult corrections, e.g. extinction, crystal shape

- peak overlapping/multiplicity in powder data puts a
restriction on the determination of spin direction

- small spin components (~10-'ug) are difficult to
detect
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Powder neutron diffractometers

http://pathfinder.neutron-eu.net
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Powder neutron diffractometers

ILL, FR D20, D2B,DIA

LLB, FR G41,G42
GEM, HRPD,
ISIS, UK SEARL

FRM-II, DE  spoDI

FLNP/Dubna, RU HRFD, DN2,DNI12

DMC, HRPT,
SINQ/PSI,CH 0%

http://pathfinder.neutron-eu.net
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Powder ND at SINQ/PSI
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Powder ND at SINQ/PSI

DMC: experimental resolution functions Ad/d (Q))
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Examples of magnetic structures.
Propagation vector k



Examples of magnetic structures.

Propagation vector k

agnetic momen TIY 1 T ;
© Wiy S(r;) = Re(Soe”™™%) = ~(Spe™ ik 4 c.c.)

is a real quantity! )



Examples of magnetic structures.

Propagation vector k

agnetic momen TIY 1 T ;
© Wiy S(r;) = Re(Soe”™™%) = ~(Spe™ ik 4 c.c.)

is a real quantity! )

@ Amplitude is complex SO — S$6@¢x - Syewﬁy + Szeinz



Examples of magnetic structures.

Propagation vector k

agnetic momen TIY 1 T ;
© Wiy S(r;) = Re(Soe”™™%) = ~(Spe™ ik 4 c.c.)

is a real quantity! )

@ Amplitude is complex SO — Swengw - Syengy + SzeiCbz
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Examples of magnetic structures.

Propagation vector k

aghetic momen TIY 1 T ;
© Wiy S(r;) = Re(Soe”™™%) = ~(Spe™ ik 4 c.c.)

is a real quantity! 9

@ Amplitude is complex SO — Sw@wﬁw - Syewﬁy + Szeiﬁbz
k=[0,0] ";[F(;;IO]
FM
1 A7 b

¥ ¥ ¥ K ¥
el Y E

¥ ¥ ¥ ¥ A A oA A
V4 4 V4 V' 4
So1 =S, + S, So1 = Sz + 5,



Examples of magnetic structures.

Propagation vector k+0

. 1 . omir.
Magnetic moment S(I'j) _ §(Soe—l—27mrjk 4+ SS@ 27’(‘21‘31{)

is a real quantity!
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Examples of magnetic structures.

Propagation vector k+0

. 1 . omir.
Magnetic moment S(I'j) _ §(SOG—I—27mrjk 4+ SSEB 27Tzr3k)

is a real quantity!

Amplitude is complex SO — Swengw - Syengy + SzeiCbz

k=[1/2,1/2] AFM




Examples of magnetic structures.
Propagation vector k+0

Magnetic moment _ 1 +2mir; k x —2mirs;k
S(I‘j) — —(SOB N SO€ J )

is a real quantity!
Amplitude is complex SO — S$€Z¢x - Syewﬁy + Szengz
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1
k=[0,0,k.] Z

ﬁ
J 4994



Examples of magnetic structures.
Propagation vector k+0

Magnetic moment _ 1 +2mir; k x —2mirs;k
S(I‘j) — —(SOB N SO€ J )

is a real quantity!
Amplitude is complex SO — S$€Z¢x - Syewﬁy + Szengz

modulated (in)commensurate

1
k=[0,0,k.] Z




Examples of magnetic structures.

Propagation vector k+0

Magnetic moment _ 1 +2mir; k x —2mirs;k
S(I‘j) — —(SOB N SO€ J )

is a real quantity!

Amplitude is complex SO — S$€Z¢x - Syewﬁy + SzeiCbz

modulated (in)commensurate

1Z Vi
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Example of complex magnetic structure



Example of complex magnetic structure

Antiferromagnetic three sub-lattice ordering in Tbj4Aus,

P6/m
k-vector=[1/3, 1/3, 0]

24 %% Conventional magnetic unit
cell contains 126 spins of Tb3*.




Analysis of magnetic neutron diffraction:
computer programs and tutorials/notes

INDEXING, K-VECTOR: programs distributed with FullProf
Suite [1]

SYMMETRY: Baslreps[|], SARAK[2], MODY|[3]
SOLUTION: FullProf [I] (simulated annealing)
REFINEMENT: FullProf, GSAS [4]

Visualization: FPStudio [I]

REFERENCES

|.Juan Rodriguez-Carvajal (ILL) et al, http://www.ill.fr/sites/fullprof/

2.Andrew S. Wills (UCL) http://www.chem.ucl.ac.uk/people/wills/magnetic_structures/
magnetic_structures.html

3.Wieslawa Sikora et al, http://www.ftj.agh.edu.pl/~sikora/modyopis.htm

4.Bob Von Dreele (ANL) et al, http://www.ncnr.nist.gov/programs/crystallography/
software/gsas.html
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Description of magnetic structures
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Description of magnetic

Magnetic symmetry
1651 3D magnetic Shubnikov (Sh) space groups.
Derived from 230 space groups G and an
additional element: spin inversion operator R. Sh
groups contain additional ‘antielements’ g’=(g - R),

g&G (except |) e.g. Pnnm’

R= time reversal
changes S to -S

PSI diffraction Workshop’08

structures
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additional element: spin inversion operator R. Sh
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Description of magnetic structures

Magnetic symmetry
1651 3D magnetic Shubnikov (Sh) space groups.
Derived from 230 space groups G and an
additional element: spin inversion operator R. Sh
groups contain additional ‘antielements’ g’=(g - R),

geG (except 1) e.g. Pnnm’

N N
= —
—

a4

—>

my=2,l /

S — 79 [V X r]??
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Description of magnetic structures

Magnetic symmetry
1651 3D magnetic Shubnikov (Sh) space groups.
Derived from 230 space groups G and an
additional element: spin inversion operator R. Sh
groups contain additional ‘antielements’ g’=(g - R),

g&G (except |) e.g. Pnnm’

|- —
LS LS

—> —>

S="|vxr]”

Disadvantages:

e Sh group is not necessarily made from the parent
G.Thus, it is not an ultimate practical tool for
obtaining all allowed spin configurations
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Description of magnetic structures

Magnetic symmetry For example:
1651 3D magnetic Shubnikov (Sh) space groups. CrCl, spa.ce group: Pnnm
Derived from 230 space groups G and an Possible Sh groups derived from the
additional element: spin inversion operator R. Sh parent space group are: Pnnm Pn’nm,
groups contain additional ‘antielements’ g’=(g - R), Pnnm’, Pn’n’m, Pnn’m’, Pn’n’m’
g&G (except |) e.g. Pnnm’

Ay 4)'

|- —
LS LS

—> —>

S="|vxr]”

Disadvantages:

e Sh group is not necessarily made from the parent
G.Thus, it is not an ultimate practical tool for
obtaining all allowed spin configurations
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Description of magnetic structures

Magnetic symmetry For example:
1651 3D magnetic Shubnikov (Sh) space groups. CrCl, spa.ce group: Pnnm
Derived from 230 space groups G and an Possible Sh groups derived from the
additional element: spin inversion operator R. Sh parent space group are: Pnnm Pn’nm,
groups contain additional ‘antielements’ g’=(g - R), Pnnm’, Pn’n’m, Pnn’m’, Pn’n’m’
g&G (except |) e.g. Pnnm’

No one describes CrCl; magnetic
structure

Cr-atoms in 2(a)-position

Cr-spins are antiparallel in Oth cell

k=[0 1/2 1/2]

Al Va4

* T *Qa.h'/'
S — 79 [V X r]?? 2
. I e e e R B
Disadvantages: RIEE &< i < B
* Sh group is not necessarily made from the parent ‘a/fg____o_ﬁf_ - /&?
G.Thus, it is not an ultimate practical tool for 4 Y

obtaining all allowed spin configurations
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Description of magnetic structures

Magnetic symmetry For example:
1651 3D magnetic Shubnikov (Sh) space groups. CrCl, spa.ce group: Pnnm
Derived from 230 space groups G and an Possible Sh groups derived from the
additional element: spin inversion operator R. Sh parent space group are: Pnnm Pn’nm,
groups contain additional ‘antielements’ g’=(g - R), Pnnm’, Pn’n’m, Pnn’m’, Pn’n’m’
g&G (except |) e.g. Pnnm’

No one describes CrCl; magnetic
structure

Cr-atoms in 2(a)-position

Cr-spins are antiparallel in Oth cell

k=[0 1/2 1/2]

Al Va4

_ . Y
Wi . Tl Z &
S 2 T
) I e e e R B / :
Disadvantages: A ool ot A
e Sh group is not necessarily made from the parent v o . | } e
. . : / i W LA lf:_,_m,__ y
G.Thus, it is not an ultimate practical tool for 4 . !
obtaining all allowed spin configurations One can still find less symmetric
Sh group

Magnetic symbol
{Pnnm; 2(a) Sh7,=P;l;

PSI diffraction Workshop’08 S = (UVW), S)= ('U'V'W)} 22




Description of magnetic

Magnetic symmetry
1651 3D magnetic Shubnikov (Sh) space groups.
Derived from 230 space groups G and an
additional element: spin inversion operator R. Sh
groups contain additional ‘antielements’ g’=(g - R),

g&G (except |) e.g. Pnnm’

|- —
LS LS

—> —>

S="|vxr]”

Disadvantages:

e Sh group is not necessarily made from the parent
G.Thus, it is not an ultimate practical tool for
obtaining all allowed spin configurations

e Do not describe modulated structures. No

rotations on non-crystallographic angle - no helix.
Linear orthogonal transformations preserve the

spin size - no SDW

structures
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Description of magnetic structures

Magnetic symmetry
1651 3D magnetic Shubnikov (Sh) space groups.
Derived from 230 space groups G and an
additional element: spin inversion operator R. Sh
groups contain additional ‘antielements’ g’=(g - R),
geG (except 1) e.g. Pnnm’

—>

/

—>

my=2,l /

S — 79 [V X r]??
Disadvantages:

e Sh group is not necessarily made from the parent
G.Thus, it is not an ultimate practical tool for
obtaining all allowed spin configurations

* Do not describe modulated structures. No
rotations on non-crystallographic angle - no helix.
Linear orthogonal transformations preserve the
spin size - no SDW

Representation analysis

A universal technique of finding all possible
symmetry adapted spin configurations for the
given space group G and the propagation vector
k.



Description of magnetic structures

PSt diffraction.YVerkshop/08

Representation analysis

A universal technique of finding all possible
symmetry adapted spin configurations for the

given space group G and the propagation vector
k.



Case study. Antiferromagnetic order
in orthorhombic TmMnO0-

PSI diffraction Workshop’08
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Step 1

Experiment. q-range/resolution.

PSI diffraction Workshop’08
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10* Neutron counts

Patterns, 1.9A HRPT and 4.5A DMC
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10* Neutron counts
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contribution
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Cf. resolution/q-range
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Step 2

finding the propagation vector of
magnetic structure (k-vector).
Le Bail profile matching fit.
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T-dependence of Bragg peak positions
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Refining the propagation k-vector
from profile matching fit
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Refining the propagation k-vector
from profile matching fit

0.50 - 0--——-—- o ---00%y Inthe example we determine
© incommensurate structure
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Step 3

Symmetry analysis.
Classifying possible magnetic structures
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Classifying possible magnetic structures
k-vector group

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

(2) 2(0,0,4) 1,0,z (3) 2(0,4,0) 0,0 4) 2(4,

5,0,0) x,
O’O’O (6) a X?}’,% (7) m X,%,Z (8) H(O :]2 :]2

) 1,

PSI diffraction Workshop’08

1
T
1v

1
1
7
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Classifying possible magnetic structures
k-vector group

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

Xa}’a% (7) nm Xx %

Little group Gy, k=[0.45,0,0]=[q,0,0]

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

PSI diffraction Workshop’08

(2) 2(0,0,3) 1,0,z 2(0,5,0) 0,y,0 (4) 2(5,0,0) wx,
- 7 ;
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Classifying possible magnetic structures
k-vector group

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

(2) 2(0.0.3) 1.0.z (3) 2(0,1,0) 0,y,0 4) 2(4,0,0) x, 1D
5) 1 0,0,0 6) a_ Xy, (7) m x> 8) n(0,5,3) Lz

Little group Gy, k=[0.45,0,0]=[q,0,0]

Little group of propagation vector Gk contains only the elements of G that do not change k
P2 ma (Pmc2,, 26)

+

(1) x,y,2 (4) x+ 1,744, () x,5+%7  (6) x+3,v,2

Z+3

- 100\ /0 100 % 100\ /0 100
rotatlnop rlowo] (o] 2. |oi0 ; 010 ) [ 5| m. | 010
translation 001/ \o 001/ \1 001/ \0 001

N~ O
v

PSI diffraction Workshop’08



Classifying possible magnetic structures
Magnetic representation

group element 8! 82 &3 &4
- 100\ /0 100 % 100\ /0 100\ (5
'”Otatl"’," BL010) (0] 2 (010) (5] my (010) (5] m, (010 {0
transiation 001/ \0 001/ \3 001/ \0 001/ \1
Mn-position 0,0, 5 3.3 0,3,3 5,0,0
position number a b C d

PSI diffraction Workshop’08 34



Classifying possible magnetic structures
Magnetic representation

group element 8! 82 &3 &4
- 100\ /0 100 % 100\ /0 100\ (5
"Otatl"’!‘ BL010) (0] 2 (010) (5] my (010) (5] m, (010 {0
transiation 001/ \0 001/ \3 001/ \0 001/ \1
Mn-position 0,0, 5 5.3,0 0,3,3 5,0,0
position number a b C d

Permutation representation
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Classifying possible magnetic structures
Magnetic representation

group element 8! 82 &3 &4
- 100\ /0 100 % 100\ /0 100\ (5
"Otatl"’!‘ BL010) (0] 2 (010) (5] my (010) (5] m, (010 {0
transiation 001/ \0 001/ \3 001/ \0 001/ \1
Mn-position 0,0, 5 5.3,0 0,3,3 5,0,0
position number a b C d

Permutation representation

element g, changes
atomic position:
a—Db
b—a
c—d
d—c

PSI diffraction Workshop’08



Classifying possible magnetic structures
Magnetic representation

group element 8! 82 &3 &4
- 100\ /0 100 % 100\ /0 100\ (5
"Otatl"’!‘ BL010) (0] 2 (010) (5] my (010) (5] m, (010 {0
transiation 001/ \0 001/ \3 001/ \0 001/ \1
Mn-position 0,0, 5 5.3,0 0,3,3 5,0,0
position number a b C d

Permutation representation

0100\ (a b
element g is represented (1000 b\ (CL\
by 4x4 matrix 0001 c d

\0010) \d)  \¢c/

PSI diffraction Workshop’08 34



Classifying possible magnetic structures
Magnetic representation

group element

4 82 &3 &4
- 100\ /0 100 % 100\ /0 100\ (5
"Otatl"’!‘ BL010) (0] 2 (010) (5] my (010) (5] m, (010 {0
transiation 001/ \0 001/ \3 001/ \0 001/ \1
Mn-position Oﬁﬂ,% %-}%,0 0,%,% 51_.0‘_0
position number a b C d
Permutation representation
in addition, element g, sometimes
moves the atom outside of the zerocell.
We have to return the atom back with -a;
-a‘P
(0100\ (fa\ [ b\ a=b (000)
element g; is represented | 1000 bl _|a b—a (-100)
by 4x4 matrix 0001 c d ¢ = d (000)
PSI diffraction Workshop’08
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Classifying possible magnetic structures
Magnetic representation

group element 8! 82 &3 &4
- 100\ /0 100 % 100\ /0 100\ (5
"Otatl"’!‘ BL010) (0] 2 (010) (5] my (010) (5] m, (010 {0
transiation 001/ \0 001/ \3 001/ \0 001/ \1
Mn-position 0,0, 5 5.3,0 0,3,3 5.0,0
position number a b C d

Permutation representation

in addition, element g, sometimes
moves the atom outside of the zerocell.
We have to return the atom back with -ap:

-a,

0100\ [a) (b a=b (000)

element g, is represented @OO bl |a b—a (-100)

by 4x4 matrix 0001 cl |d c = d (000)
CAVARY

d = c (-100)

_ 2mi(ka ~ »—0.97m1 -
b — € ( p) ~ e S(I‘j) _ SO€27mr3k

PSI diffraction Workshop’08
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Classifying possible magnetic structures
Magnetic representation

group element &l 82 g3 g4
- 100\ /0 100 % 100\ /0 100\ (3
rortion™ g 10 [o| 2, (010 5| my (010 | 5] my | 010) (0
translation | gp1/ \o 001/ \1 001/ \0 001/ \1
Mn-position Oﬁﬂ,% %-}%,0 0.2.1 51_.0‘_0

position number a b C d
Permutation representation

4x4 matrices (P) (1000 (0100 (0010 (0001
®) 0100\ bOOO\ 0001 ()Ob()\

0010 0001 1000 0100

\ 0001 / \ 0060 / \0100/ \ 5000 /

PSI diffraction Workshop’08 35



Classifying possible magnetic structures
Magnetic representation

group element 8! 82 &3 &4
- 100\ /0 100 % 100\ /0 100\ (5
"Otatl"’!“ BL010) (0] 2 (010) (5] my (010) (5] m, (010 {0
transiation 001/ \0 001/ \3 001/ \0 001/ \1
Mn-position 0,0, 5 5.3,0 0,3,3 5,0,0
position number a b C d

Permutation representation

0100 0010
b000 0001
0001 1000
0060 0100

Axial vector (spin) representation

0100

1000
4x4 matrices (P) (0010)

0001

0001
0060
0100
b000

PSI diffraction Workshop’08 35



Classifying possible magnetic structures
Magnetic representation

group element 8! 82 &3 &4
- 100\ /0 100 % 100\ /0 100\ (5
"Otatl"’!‘ BL010) (0] 2 (010) (5] my (010) (5] m, (010 {0
transiation 001/ \0 001/ \3 001/ \0 001/ \1
Mn-position 0,0, 5 5.3,0 0,3,3 5,0,0
position number a b C d

Permutation representation

0100 0010
b000 0001
0001 1000
0060 0100

Axial vector (spin) representation

0100

1000
4x4 matrices (P) (0010)

0001

0060

0100
0001 b000
For instance:

rotational part of element g»: R(g2) changes
atomic spin direction:

S, S,
S, | =1-s,
S, -8,

PSI diffraction Workshop’08 35



Classifying possible magnetic structures
Magnetic representation

group element 8! 82 &3 &4
- 100\ /0 100 % 100\ /0 100\ (5
"Otatl"’!‘ BL010) (0] 2 (010) (5] my (010) (5] m, (010 {0
transiation 001/ \0 001/ \3 001/ \0 001/ \1
Mn-position 0,0, 5 5.3,0 0,3,3 5,0,0
position number a b C d

Permutation representation

0100 0010
b000 0001
0001 1000
0060 0100

Axial vector (spin) representation

0100

1000
4x4 matrices (P) (0010)

0001

0060

0100
0001 b000
For instance:

rotational part of element g»: R(g2) changes
atomic spin direction:

| | d 100\ /S, S,
element g is represente T _

. R(g)xdet(®) [ 010 || S, | = | =S,

by 3x3 matrix 001/ \ 5. S,

PSI diffraction Workshop’08 35



Classifying possible magnetic structures
Magnetic representation

group element 8! 82 &3 &4
- 100\ /0 100 % 100\ /0 100\ (5
"Otatl"’!“ BL010) (0] 2 (010) (5] my (010) (5] m, (010 {0
transiation 001/ \0 001/ \3 001/ \0 001/ \1
Mn-position 0,0, 5 5.3,0 0,3,3 5,0,0
position number a b C d

Permutation representation

0100 0010
BOO0 0001
0001 1000
00560 0100

Axial vector (spin) representation

0001

1000
4x4 matrices (P) (gﬂli:ﬁ)

0001
0050
0100
hOO0

3x3 matrices (A)

R(g2)*det(R) 100 100 100 100
010 010 010 010
001 001 001 001

PSI diffraction Workshop’08 36



Classifying possible magnetic
Magnetic representation

group element 8! 82 &3
Mn-position 0,0, 3 7 %.-0 0,3,3
position number a b C
spin

Permutation representation

0100 0010
BOO0 0001
0001 1000
00560 0100

Axial vector (spin) representation

100 100
010 010
001 001

1000
4x4 matrices (P) (gﬂli:ﬁ)

0001

3x3 matrices (A) ((1)[1]8)
R(g2)*det(R)

001

PSI diffraction Workshop’08

structures

84

(] -
a &
-

0001
0050
0100
(B.II_I{})
100
010
001
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Classifying possible magnetic structures
Magnetic representation

group element 8! 82 &3 &4
Mn-position 0,0, 5 5.3.0 0.3,3 5,0,0
position number a b C d
spin
Vector
spaces
Permutation representation

0001 (Z\
IZI!ZI;E_;;][_]: c
(Ei._.ﬂ) \d)

100
010
001

1000
4x4 matrices (P) (gﬂli:ﬁ)
0001

0100 0010
BOO0 0001
0001 1000
00560 0100

Axial vector (spin) representation

100 100
010 010
001 001

3x3 matrices (A) ((1)[1]8)
R(g2)*det(R)

001

PSI diffraction Workshop’08
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Classifying possible magnetic structures
Magnetic representation

group element

Mn-position

position number

spin

4x4 matrices (P)

3x3 matrices (A)
R(g2)*det(R)

direct (tensor) product
P®A

| 2x 12 matrices

PSI diffraction Workshop’08

_

gl g2 g3 84
0.0, 3 5.5,0 0.3,3 5,0,0
a b C d
Vector
spaces
Permutation representation ( a\
b

0100 0010
BOO0 0001
0001 1000
00560 0100

Axial vector (spin) representation

100 100
010 010
001 001

Magnetic representation

1000
0100
ﬂJlL)
0001
100
010
001

0001

0050

0100 C
hOO0 \ d )

100
010
001

37



Classifying possible magnetic structures
Magnetic representation

group element &l 82 g3 g4
Mn-position 0,0, 5 5.3.0 0.3,3 5,0,0
position number a b C d
spin
Vector
spaces

Permutation representation

0100 0010
BOO0 0001
0001 1000
00560 0100

Axial vector (spin) representation

100 100
010 010
001 001

Magnetic representation

( g\
0/

1000
4x4 matrices (P) (gﬂli:ﬁ)

0001

100
010
001

0001
0050
0100
(B.II_I{})
100
010
001

3x3 matrices (A)
R(g2)*det(R)

direct (tensor) product
P®A

| 2x 12 matrices

PSI diffraction Workshop’08

e.g. for group
element g

(0100\

b000

100
® [ 010
001

OO OO O OO OO OO

OO O OO OO TIO O OO

OO OO OO TIO OO OO

[ lelelololoeloelNoBoBoBal S

OO OO OO OO O oo

OO OO OOoOOoOOo o oo
O TIIDOD OO DD OO
IO OO OO OO oo oo
SO oo O+ OOOOoO OO
OO OO HFOODODODODODOOoO OO
O OO HROOOOOoOOo oo

OO DD DODODO O OO OO
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Classifying possible magnetic structures
Reducing magnetic representation

group element 8! &2 &3 &4

, 100\ /0 100\ /(2 100\ /0 100\ /2
rotationt (g0 ) (o 2, [of0) (L) m, [0T0) (L] m, [o010] [0
translation 001 0 001 % 001 3 001 %

Matrix of magnetic representation acts on
12 dimensional vector 4x3=12 spin components
(00010000000 0Y /1)
00001 00O0O0TO0TU 0O Sy1
000001 0O0O0TO0TUO0O Sz1
1 000 0O0OOUOO0OO0O0 Sx2
0 b0 0OO0OO0OO0OOOUO0O0O0 Sy2
E.g. for the element g, 0O 06 00O0O0O0O0O0OO0O 522
M=P®A 00000 O0OO0OUO0T1O00 Sx3
00000 O0OO0OO0OUO0O0T1O0 Sy3
00000 O0OO0OOUO0O0O0 1 823
00000 O0O1O0UO0TUO0O00 Sd
0000 O0OO0O0UDbDOO0O0O0 Syd
L0 000000O0GD 00 0)\s:4/
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Classifying possible magnetic structures
Reducing magnetic representation

Matrix of magnetic representation acts on
|2 dimensional vector 4x3=12 spin components

( zzl\

-
-
-
-

—

E.g. for the element g;
M=P®A

SO O O OO OO oo oo
OO O OO OO0 o oo
OO OO HOODOOOoO OO
O OO R OOOOOoO o oo

V)

N

N

O OO O OO O oo o 0O
O OO OO OO TIo O oo
O OO OO OO OO OO
O OO OO OO oo oo

OO OO OO TIOoO OO O
O OO O OO oo oo
OO R OO OO oo oo
O TINO O O O O O o oo

N—
~
VA
N
I
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Classifying possible magnetic structures
Reducing magnetic representation

Matrix of magnetic representation acts on

12 dimensional vector \\, 4x3=12 spin components
(000190000055°J\(sx1\
0000710000 & 0]]sw
00000TIUO0O0 &2 00 |]|s=n
1 000000 00 0 |fsa
050000 "~ 0%0 00 0 [fs

E.g. for the element g 00 b6 0 O (“@,"J 0 0 0 0 S22
M=P®A 00000 & 00100 ||
00000 & 0000 T 0 |ss
000 g 000000 I []sz
00«90 010000 0 |5
0 0y 0005 00 0 0 |]sy
L0 @ 000005 00 0)\s=a
pC

.
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Classifying possible magnetic structures
Reducing magnetic representation

group element 8! 82 &3

. e I
Mn-position 0,0, 5 5, 3,0 0,3,3 5,0,0

Magnetic representation is reducible to a
block-diagonal shape that is a direct sum

of irreducible square matrices T, To, ...
(dimensions can be from | to 6.)

0O 0 .. O Sr
. 0

0 0 T3
T1 DT D T3D ... =

\ooo0 )

PSI diffraction Workshop’08



Classifying possible magnetic structures

Reducing magnetic representation

group element 8!

Mn-position 0.0, 3

Magnetic representation is reducible to a
block-diagonal shape that is a direct sum

of irreducible square matrices T, To, ...

(dimensions can be from | to 6.)

(’7’1 0 0
0 D) 0
0 0 T3
T1 DT D T3D ... =
\ 0 0 0

PSI diffraction Workshop’08

9]
0

b ] —
(BT

Each of these matrices T, To, ...
acts only on a subspace of the |2 spin
components. St1, Sto, ... are vectors
with dimension of matrix T, T»

S7'2
ST3

\

/501

)

0,

g3

] =
e

o] —

84

bd] —
<
-
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Classifying possible magnetic structures
Reducing magnetic representation

group element 8! &2 &3 &4

0 0,

]
[ [y
(] =
. ]

-
]

-

b ] —
-
(BT

Mn-position 0.0, 3

Magnetic representation is reducible toa  Each of these matrices T, T, ...

block-diagonal shape that is a direct sum acts only on a subspace of the |2 spin

of irreducible square matrices Ti, T, ... components. St1, S, ... are vectors (jm\

(dimensions can be from | to 6.) with dimension of matrix T, T2 SZi

Sx2

. Sy2

each componet of Sr1isa |

( mn 0 0 0 \ (Sﬂ linear combinations of 12 SZQ

0 7 0 0 Sr2 spin components ng

0 0 73 0 Sr3 y3

T1 DT D T3D ... =

PSI diffraction Workshop’08 39



Landau theory of phase transitions
says that only one irreducible
representation Is needed to describe
the structure

Why the Landau theory does work for magnetic
phase transition is a separate topic.

PSI diffraction Workshop’08
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Classifying possible magnetic structures
basis vectors/functions Sti, St2, St3, ...

Pnma, k=[0.45,0,0]
Mn in (4a)-position

Magnetic representation is reduced to four
one-dimensional irreps

3171 D 319 B 313 D 374

g1 ¢g2 g3 g4

7 1 a 1 a
5 1 a —1 —a
™M 1 —a 1 —a
™ 1 —a —1 «a
q — 67‘(‘7,]{33

PSI diffraction Workshop’08



Classifying possible magnetic structures
basis vectors/functions Sti, St2, St3, ...

Pnma, k=[0.45,0,0]
Mn in (4a)-position

Magnetic representation is reduced to four
one-dimensional irreps

371 P 379 @@@ 374
0,0, 3

g1 ¢g2 g3 g4

|—
No 1=
-

L

b —

W -
|—

N -
-

n 1 a 1 q Mn-position I

> 1 a -1 -—a , . .

3 1 —a 1 -—a oS +lei; —a' ey —lesy +a ey,
//

T4 1 —a —1 a 3 — —|_]-ely + a*62y + 163y + af*e4y
/11
3 — +ley, + a*eQz — les, — a*e4z

Tk
a — € *
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Classifying possible magnetic structures
basis vectors/functions Sti, St2, St3, ...

Pnma, k=[0.45,0,0]
Mn in (4a)-position

Magnetic representation is reduced to four
one-dimensional irreps

37‘1 % 37’2 @@@ 374
0,0,3 3:5,0 0,5,3 £,0,0
guod2 g5 Mn-position I 2 3 4

7 1 a 1 a
> 1 a -1 -—a , . .
= 1 -—a 1 —a 3 — +le1, —a eq; — leg, +a ey,
T4 1 —a —1 a — 7/-/3 — —|_]-ely + a*62y + 163y + af*e4y

;-/;/?, = +leq. + a*eQz — les, — a*e4z
q — 67‘('7,]{33

Assuming that the phase transition goes according
to one irreducible representation T3 the spins of all

four atoms ar‘w Tjﬂes instead of 12!

/ !/ 1244
Ol 7'3—|_02 7‘3+O3 73

PSI diffraction Workshop’08 4



Steps 3-4 in practice

Solving/refining the magnetic structure
by using one irreducible representation

42



Steps 3-4 in practice

Solving/refining the magnetic structure
by using one irreducible representation

|. construct basis functions for single irreducible
representation irrep (use Baslreps, SARAh, MODY)
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Steps 3-4 in practice

Solving/refining the magnetic structure
by using one irreducible representation

|. construct basis functions for single irreducible
representation irrep (use Baslreps, SARAh, MODY)

2. plug them in the FULLPROF and try to fit the data. In
difficult cases the Monte-Carlo simulated annealing

search is required
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Steps 3-4 in practice

Solving/refining the magnetic structure
by using one irreducible representation

|. construct basis functions for single irreducible

/ representation irrep (use Baslreps, SARAh, MODY)
2. plug them in the FULLPROF and try to fit the data. In

\ difficult cases the Monte-Carlo simulated annealing
3

search is required
. If the fit is bad go to | and choose different irrep. If

the fit is good it is still better to sort out all irreps.

PSI diffraction Workshop’08 4



Refinement of the

1 .
S(I‘) p— 5(01 7/_3 -+ CQ ;_/3 —+ Cg 7/_/:/3)6271'21{7“ + c.c.
k=[0.45,0,0]

/
3 — +leq, — a*eQx — 16333 =+ a*e4x

/!

1/ * *
3 — +le, ta es, — 1eSz — A €4,

PSI diffraction Workshop’08

data for T3
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Refinement of the data for Ts

1 .
S(I‘) p— 5(01 7/_3 -+ CQ ;_/3 —+ Cg 7/_/:/3)6271'21{7“ + c.c.

| ' | ' | - I
20~ TmMnO, , 35K -
' DMC, 2=4.5A ]
, 1.5 at T=35K
e Cl=2.11(1)pg, C2=0,
3 C3=0.67(2) €'P
& . B
§ (p can be fixed to any value.
= Experiment data are insensitive
Z oo
<l-o wf ety
0.0 1 | o | | -
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Visualization of the magnetic
structure

a cycloid structure propagating along x-direction

S(r) = Re[(C1575 + [Cs| exp(ip) S7'3) exp(2mikr)]

/ *
3 — +1leq, — a*GQac — lesg, +a ey,

11/ *
3 — +le1, +a ey, — leg, — CL*64Z

¢ "
- \_0 .A 6 ’0 ,0'\ :
K= 4 Py 4 P

V a -
P 4 o | g ad
~ -~ »
/'2 P 4 o
~ v 4 ¢ >
3 ol Y. & < |
o “4 . -

2 A -y~
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Visualization of the magnetic
structure

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

o
_04609) N
W=\ o P o P
>~ a -
P 4 o g ad
| LT
& , ¢ "
3 o P o < |
>y~

T<a | -
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Visualization of the magnetic
structure: xz-projection

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

4& N Sk s s

k=[0.46,0,0] \__/

PSI diffraction Workshop’08
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Visualization of the magnetic
structure: xz-projection

for arbitrary :

Propagation of the spin, e.g. for at ,I
both direction and size of S are changed opagation pih, €.8. Tor atom no

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

4 v 3 ~ - —
—> < ~ - - %
| v 2 ~ - —

Z _» - -~ *- - X

X
ﬁ 7
v

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

for p=0:
only the size of S| are changed
4 A s -
S g Sk -
| . s -
Z S Dy N <

X
? 1
v

K=[0.46,0,0] “__/

PSI diffraction Workshop’08

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

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

=V

- -
— ad

- -
— ad
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literature, programs and tutorials/notes

All you need to know about magnetic neutron diffraction.
Symmetry, representation analysis

Yu.A. lzyumov, V. E. Naish and R. P. Ozerov, "Neutron diffraction of magnetic materials™,

New York [etc.]: Consultants Bureau, 1991.

COMPUTER PROGRAMS, TUTORIALS

| Juan Rodriguez-Carvajal (ILL) et al, http://www.ill.fr/sites/fullprof/

2.Andrew S.Wills (UCL) http://www.chem.ucl.ac.uk/people/wills/
magnetic_structures/magnetic_structures.html

3.Wieslawa Sikora et al, http://www.ftj.agh.edu.pl/~sikora/modyopis.htm

This lecture
http://sing.web.psi.ch/sing/instr/hrpt/praktikum
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