School on Pulsed Neutrons - October 2005 - ICTP Trieste

"Methods and Techniques"
Experimental Techniques for

the Study of Magnetism

Prof. Dr. Thomas Bruckel

Institute for Scattering Methods
Institute for Solid State Research



it History: Loadstone Fe;O, (~ 800 BC)

100 A.D.
Chinese "south pointer"

] —_ --”E-'. . & E - T ] ..._‘;_»;;--:
H R T it - St
A e & e N g

first compass



5 ;’;«% His fory: Loadstone Fe;0, (= 800 BC)

i
100 A.D. 1269
Chlnese "south pointer" Europe: Petrus Perigrinus
P T "Epostolia de Magnete"

first compass "perpetual motion machine"



5 ;’;«% His fory: Loadstone Fe;0, (= 800 BC)

i
100 A.D. 1269
Chlnese "south pointer" Europe: Petrus Perigrinus
P T "Epostolia de Magnete"

first compass "perpetual motion machine"



Outline

 What's new in magnetism ?



Magnetic Nanostructures

Thin Film Fe;,Pt;, Nanoparticle Network
Multilayer: by colloidal self organisation

Sun et al; Science 287 (2000), 1989
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Giant Magnetoresistance (GMR)

GMR-effect

Artificial Nano-Structures
— purpose designed properties
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Applications: Hard Disks
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Magnetic Random Access Memory: 50,

700{ |[2 Magnetoelctronics

650 [l Spintronic

| Interlayer Coupling 1986 P. Grinberg
%01 GMR-Effect 1989 P. Griinberg J
M RAM =007 independently 1988 A. Fert

\ ’ tunnel barrier

electric connection 300+
{wordline)

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004

electric connection . .
(bitline) "Spintronics";
Information transport, storage and processing

with the spin of the electron (not the charge!)
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e 1 /100 Million gram mass per cm?



::g: 555 Highly correlated electron systems

Complex transition metal oxides:
High T Superconductors; CMR-Manganates; ...
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Eﬁ Highly correlated electron systems

No simple Fermi liquids; competing interactions

/ High T Materials (YBa,Cu,0O,.,):
Oxides Magnetism <> Superconductivity

Materials with collosal Magnetoresistance
Spin <> Charge <> Lattice <> Orbital order

5 . 100
() %La,_SrMnOyf S,
T ox015 F %

& pip (A 0)i%)

Regigivity 1107 g

@ Temperature (K
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» Experimental techniques



Susceptibility and Magnetisation
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Susceptibility and Magnetisation




Scattering




Scattering

— Internal structure? (atom positions, moment arrangement)
— Microscopic dynamics? (atom movements, spin dynamics)

—> Macroscopic properties (conductivity, susceptibility, ...)



Scattering

Scattering:
interaction sample <> radiation weak



Generalised Susceptibility

‘ H linear response theory:
N

perturbation of magnetic system described by
spacial and temporal varying magnetic field
H(z, t)

system reaction:

local magnetisation

M (r.t)

linear response theory — susceptibility
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Generalised Susceptibility

‘ H linear response theory:
N

perturbation of magnetic system described by
spacial and temporal varying magnetic field
H(, t)

system reaction:

local magnetisation

M (r.t)

linear response theory — susceptibility

<M ﬂ(Bm >t)> - <M ﬂ(Bld ’t)>H_o T '[_toozz H a(Bl'd'at')Zaﬁ(Bm —Rygst _t')jt'

I'd'" «

Fourier transform: 763’5 (Qat _t')_ Z IQ‘(BM e )Zaﬂ (Bld ~Rogt _t')

de( ‘0) j thlgf(Q t)dt



Neutrons: Length and Time Scales
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* Elastic magnetic neutron scattering



Magnetic Structures

Modulated Structures: Complex Structures:

) transversal (312K > T > 120K)

Cr

. } polarised SDW
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Neutron-Matter-Interaction

2
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Neutron-Matter-Interaction
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Neutron-Matter-Interaction

2
First Born Approximation: do — (i) < k'|V | k >|2

9

je“k'rv (r)e’td’r

= V(e d’r

e strong interaction n <> nucleus :
major
e magnetic dipole-interaction with B-field of unpaired ¢



Zeeman energy:

Vm :_ﬁn E

magnetic moment of the neutron:
L, =—VYUN O

magnetic field of the electron:

B=Bg+B|




5  ; H. Magnetic Scattering Cross Section

1. Born approximation

do m 2 2
i~ (oo etV
nh
| 2
=(yro) —m@z'}g'ML Q]Gz>

o =0.539-107%cm

—"equivalent scattering length" for 1 pg (S= 5): 2.696 fm~b_,

Mg(r)=-2up -S(r)=—2ug X 8(r —1; )S;



Only the component of the magnetisation perpendicular to
the scattering vector gives rise to magnetic scattering!

[llustration: scattering from the dipolar field
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Pure Spin Scattering

Separation of intra-atomic quantities for localised moments:
ik =R+t 5 Mg(t)=-2pg¥d(r—rix )-sik

ik
M(Q) =]Ms(r)e'Qrdr
— Atomi  _ ZelQ-ri Siic Ze1Q R; Ze 1Q-t;x Sk

Expectation value of the operator for the thermodynamic
state of the sample:




in general anisotropic:

normalized form factor

form factor
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Magnetic Bragg Diffraction from a Type I Antiferromagnet on a
tfetragonal body-centered lattice

(compare Mnl,)

"scattering potential" p(r)=

' amplitude
— ued - Q) =LQ)F [Cb(b]
— 1ntensity i

Laue function: square of
Braggrefl. hkl structure
factor
nuclear structure factor
dri(ht ko +1)
Sy (h.k.l)=b(l+e 2 2 2
h+k+1 : 0 h+k+1 odd

=Db(l + (-1 =
U+ : . 2b h+k+1l even



Magnetic structure factor:
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Magnetic Neutron Scattering

Neutron Powder Diffraction
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Magnetic Neutron Scattering
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Magnetic Neutron Scattering

Neutron Powder Diffraction

700000
LaMS‘rﬁ_j_Hn{?s

RT

600000
S00000
400000

300000

Intensity (w.u.)

1

200000 —

100000 —

22

J08, 200, 200

— 280K Neutrons, D20, i=1.888

424

2k
404, 044

I

520 (433)

E. Gorelik (2004)

[= - b
_'?

Distorted
Perovskite
structure

Spin Structure:

>
<«
>



Magnetic Neutron Scattering

Interaction:
Magnetic Dipole-Dipole

M(r,t) = y(r,r',t,t")- H(r',t")

Elastic scattering:

2
do _;<azva-ML<Q>az>

do :(7/nr0)2

mag

:
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» X-ray techniques for magnetism
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Synchrotron Sources

aaaaa

ESRF (@ Grenoble, France APS @ rgonne/Chicago, USA
6 GeV 7 GeV

SPRINGS, Japan, 8 GeV



X-Ray Probes of Magnetism

- Kerr-microscopy

- Faraday effect

- Linear x-ray magnetic dichroism

- Circular x-ray magnetic dichroism

- Spin resolved x-ray absorption fine structure SEXAFS
- Magnetic x-ray diffraction (non-resonant scattering)

- Resonant magnetic x-ray scattering (X-ray resonance
exchange scattering XRES)

- Nuclear resonant scattering

- Magnetic x-ray reflectivity

- Magnetic Compton scattering

- Angular- and spin resolved photoemission
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« Nonresonant magnetic x-ray scattering



Nonresonant Scattering: Classical

De Bergevin & Brunel 1981 re-radiation

Thomson scattering interaction T
from charges force e E-dipole

— Structure oF L l
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Nonresonant Scattering: Classical

De Bergevin & Brunel 1981 re-radiation

Thomson scattering interaction T
from charges force e E-dipole

— Structure oF L l
(o3 = / o

L

But: X-rays are
electromagnetic
radiation =
non resonant
magnetic X-ray
scattering
— Magnetism
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Cross Section for Magnetic X-Ray Scattering

Non-relativistic treatment in second order perturbation theory
(Blume 1985, Blume & Gibbs 1988)

e Hamiltonian for e 1n e-m field:

H = %%(P j —% A(r ))2 kinetic energy
+ 2.V (rij) Coulomb interaction
ji
—;—iZSj-WA(rn Zeeman energy - - H
J
eh _ _ - R spin-orbit coupling
- 2.8j-E(rj)x(Pj-=A(rj))
2(me)? ] . . F e -w H~s'(Exv)
+ kz/ihwk (¢ (kA)c(kA) + %) self energy of e-m-field

e Vector potential in plane wave expansion:
I

A(r)= %{2\7}2)‘32}2 x [§(QCS)<:(QG)ei9'£ +g* (ﬂcs)c+(ﬂ6)e_iﬂ'£]
e q




Cross Section for Magnetic X-Ray Scattering

e-system e-m-wave interaction

N perturbation theory (Fermi's "golden rule")

2

do

0" <K',§', f

H int

k.&.i)

first order for terms quadratic in A

second order for terms linear in A



non-resonant elastic scattering cross section:

18 fm

do e’ 2
d_Q | mCZ ‘< fC >gg'

incident and final
polarization

Intensity ratio: -



non-resonant elastic scattering cross section:
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do e’ A ’
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non-resonant elastic scattering cross section:

18 fm

do e’ A
d_Q v: mC2 .<fc>g'g+lFC<fM >g'8

incident and final ~ 2
polarization charge |fC|

Intensity ratio: -



non-resonant elastic scattering cross section:

818 fm
=
do e’ . A :
ol Tl '<f0>v +i==(fu),
dQ| .. | mc ¢ d T £e
incident and final charge ~ [f|>  magnetic~ [f,|?

polarization

Intensity ratio: -



non-resonant elastic scattering cross section:

818 fm
2
do | e’ ¢ . Ac f
dQ o mC2 . < C >g'g T F< M >g'8
e—>¢&' T
incident and final 2 : 2
.and charge ~ |f magnetic~ |f
polarization § | Cl & - | Ml

g
interference~ f.- f,

Intensity ratio: -
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non-resonant elastic scattering cross section:

r,=2.818 fm m/2 phase shift

— 2 l

do | e ¢ Ao f
dQ o mC2 . < C >g'g Tl F< M >g'8
g—¢' T
lncll)%?giez‘ggof;nal charge ~ [f[2 magneti5~ |12

g
interference~ f.- f,

Intensity ratio: -



non-resonant elastic scattering cross section:

=2.818 fm /2 phase shift h/mc=2.426 pm

/_A‘\
l /
do| _| & .<f> _|_iﬁ'_C<f>
dQ| . | mc? Clee = {“

incident and final _ 2 e 2
polarization Charge |fC| magnetli |fM|

g
interference~ f.- f,

Intensity ratio: -
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non-resonant elastic scattering cross section:

r,=2.818 fm  m/2 phase shift h/mc=2.426 pm

B e

A
- .<fc>g'g+|FC<fM >g'8

2
dQ| . | mc T
incident and final - 2 . 2
polarization Charge |fC| magnetli |fM|

g
interference~ f.- f,

I 2

Intensity ratio: IM ~

£
he Ny M)
C

~C. ~10—6
d N-f 10




scattering geometry:

Cross section: do

dQ

c—o&'




Amplitude-matrices:

<f> for charge scattering:

\ from

to O T
o | Q) 0
v 0  p(Q)(cos26)

= charge density p(Q)



Amplitude-matrices:

<f> for charge scattering:

, \from o . Hertz
0 - E [> Dipole
A S=2 Radiation
v 0  p(Q)(cos26) =¥

= charge density p(Q)



<f> for charge scattering:

, \from o . E Hertz
0 .
> 120 ; = :(> Dlpol.e
- Radiation
v 0  p(Q)(cos26)
= charge density p(Q)
<f,> for the magnetic part:

ol e o1 I

o S, -cos 6 [(Li+S)-cos +S;-sin 0] sin @

7 | [HLi+9) -cos §+S;-sin O] sin 6 [2L2-sin249+82]-cose

= spin density S(Q) and orbital angular momentum density L(Q)



Hertz

<f> for charge scattering:
from ‘ \
LR - E| ZZi4) > Dipole
NS=E S .
AR \SS=7% Radiation
v 0  p(Q)(cos26) il
= charge density p(Q) v
<f,> for the magnetic part:
to\ from o I
o S, -cos 6 [(Li+S)-cos +S;-sin 0] sin @
[2 L, -sin? 6+ Sz]-cos 6

7 | [HLi+9) -cos §+S;-sin O] sin 6
= spin density S(Q) and orbital angular momentum density L(Q)

mmmmm) Charge scattering: "NSF"
"NSF" (S,, L,) — L scattering plane
+"SF" (S,, S;, L,) — 1n scattering plane

mmmmm)p Magnetic scattering:

— Separation S &L



Synchrotron X-Ray Source
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* Resonant magnetic x-ray scattering
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exchange splitting




exchange splitting




e, Resonant Magnetic X-Ray Scattering

exchange splitting

resonance exchange scattering



resonance exchange scattering

do ¥
dQ

O(,M/E
(E-Eq)-il/2

oC
mag




S Resonant Magnetic X-Ray Scattering

KK,
oo d

neutron scattering

exchange splitting

resonance exchange scattering
2

Om /E ‘

(E-Eq)-il/2

g
dQ

oC
mag




exchange splitting

¢ 4¢3
$oed

neutron scattering

resonance exchange scattering

do

dQ

mag

oC

O(,M/E

‘ 2

(E-Ey)-il'/2

resonant x-ray scattering
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. A El
+'FC<fM >g ; <fres(E)>g,g +...

Dipole Approximation:

fras (E) = fo(E)+ feirc (E)+ flin (E)

Amplitudes:
£,(E)= (g'-gj{Fl [ +FL J

(:1rc(E) 1( ) FII_FJIrJ

b ) =(@ e a0 _ZF(I) Bl —FL 1}

Oscillator Strengths

F) (=
Dpeg) 1/h




XRES: Resonance Enhancements

elements edge | transition | energy range | resonance comment
[keV] strength
3d K Is—>4p |5-9 weak small overlap
3d L 2s >3d |[0.5-1.2 weak small overlap
3d Ly, Lin 2p—>3d (04-1.0 strong dipolar, large overlap,
high spin polarisation of 3d
4f K Is>5p |40-63 weak small overlap
4f L 2s »>5d |6.5-11 weak small overlap
4f Lu, L 2p—>5d [6-10 medium | dipolar
2p > 4f quadrupolar
4f M; 3s—>5p |[1.4-25 weak small overlap
4f My, Mip |3p—>5d |1.3-22 medium | dipolar
3p — 4f to strong | quadrupolar
4f M, My [3d - 4f [09-1.6 strong dipolar, large overlap,

high spin polarisation of 4f

5f My, M |3d — 5f |3.3-39 strong dipolar, large overlap,
high spin polarisation of 5f
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3d K Is—>4p |5-9 weak small overlap
3d L 2s >3d |[0.5-1.2 weak small overlap
) 3d L, L 2p—>3d (04-1.0 strong dipolar, large overlap,
thin films high spin polarisation of 3d
4f K Is>5p |40-63 weak small overlap
4f L 2s > 5d |6.5-11 weak small overlap
4f Lu, L 2p—>5d |6-10 medium | dipolar
2p — 4f quadrupolar
4f M; 3s—>5p |[1.4-25 weak small overlap
4f My, Mip |3p—>5d |1.3-22 medium | dipolar
3p — 4f to strong | quadrupolar
4f M, My [3d - 4f [09-1.6 strong dipolar, large overlap,
thin films high spin polarisation of 4f
5f M, My |3d —» 5f |3.3-3.9 strong dipolar, large overlap,
high spin polarisation of 5f
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Outline

e Example: Non-resonant scattering from transition
metal di-flourides



Sample
5 mm

W. Schweika:
ico-AIPdMn: phason modes



Bragg geometry
10 keV

W. Schweika:
ico-AIPdMn: phason modes



100 keV

W. Schweika:
ico-AIPdMn: phason modes



High Enerqy X-Ray Scattering

= large penetration depth
(several mm instead of um)
— bulk properties
— all reflections accessible
_— simple sample environment

100 keV

Sample <
@5 mm

= small wavelength —
extinction free

= absolute measurements
by comparison to charge
scattering

W. Schweika:
ico-AIPdMn: phason modes



High Enerqy X-Ray Scattering




High Enerqy Cross Section
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High Enerqy Cross Section
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High Enerqgy Cross Section
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High Enerqgy Cross Section
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3 0 0 - reflection
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High Enerqgy Cross Section

3
| | | | L ]
MnF, |
3 0 0 - reflection
2 i anH = | + —|
2
c'\l |- —
1 — 50 O - reflection —
8 L 1 ®
(0 P B BT R B B
0 100 200 300 400 500 600
Sy lhevl Compare neutrons:
do

magnet.el. (ﬂ 0)2‘< Q @F 2@ 9 >‘2

dQ




High E Magnetic Scattering
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High E Magnetic Scattering
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High E Magnetic Scattering
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High E Magnetic Scattering

1o e=s a %O s o o
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High E Magnetic Scattering
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' - '5 5* High E Magnetic Scattering

Pure spin form factor

2.5 T T T T T T

awo  COF,

2.0

1.5 -

2S£ 0

1.0 -

05| BESSRC 80 keV

0.0 L | L | L | L | L | L
0.0 0.1 0.2 0.3 0.4 0.5 0.6

sinf/A [A™1]

Strempfer, Rutt, Bayrakci, Briickel, Jauch
Physical Review B 69 (2004), 014417



-2..~ :5555 High £ Magnetic Scattering

bs =2.21(2) pg

Freeion: 3 Ug ‘
[-Diffr.. full integer 3d occupancy

P(3d) = 6.95

Pure spin form factor
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Physical Review B 69 (2004), 014417



.-;,;_._;. High E Magnetic Scattering

Pure spin form factor

ug = 2.21 (2) pg 25 [
Freeion: 3 n —— I ]
§ (100) COF2 ]

[-Diffr.: full integer 3d occupancy 20 :
P(3d) = 6.95 [

" absolute determination of 1.5;
spin moment with 1% e.s.d.s
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Physical Review B 69 (2004), 014417



Pure spin form factor

ug =2.21 (2) pg 25— T T ]
Free ion: 3 ] I ]
- (100) CO F2 7

[-Diffr.: full integer 3d occupancy 20 :
P(3d) = 6.95 [

" absolute determination of 1.5;
spin moment with 1% e.s.d.s

(Q\

= pure spin moment reduced 1.0;
by 27% - only for CoF,

BESSRC 80 keV
MuCAT 150 keV (50 0)
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High E Magnetic Scattering

Pure spin form factor

e = 2.21(2) g 250
Freeion: 3 Ug ‘ I

[-Diffr.. full integer 3d occupancy 2.0 _
P(3d) = 6.95 [

awo  COF,

" absolute determination of sl
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Physical Review B 69 (2004), 014417



:;.,-t.;_:; High E Magnetic Scattering

Pure spin form factor

e = 2.21 (2) g 25
Free ion: 3 Ug ‘ I

[-Diffr.: full integer 3d occupancy 20 :
P(3d) = 6.95 [

aon  COF,

" absolute determination of sl
spin moment with 1% e.s.d.s |
= pure spin moment reduced ) Lo |
by 27% - only for CoF, :
= Contraction of wave function osf

by 4 % along a (b) axis

BESSRC 80 keV
MuCAT 150 keV (50 0)
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Strempfer, Rutt, Bayrakci, Briickel, Jauch
Physical Review B 69 (2004), 014417
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Spin- and Orbital Moment

Sketch: "Bohr-orbit"
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Outline

« Example: Resonance exchange scattering from mixed crystals
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cd, Euy S Temperature Dependence

Hupfeld, Schweika, Strempfer, Mattenberger, Mcintyre, Briickel
Europhys. Lett. 49 (2000), 92



Hupfeld, Schweika, Strempfer, Mattenberger, Mcintyre, Briickel
Europhys. Lett. 49 (2000), 92



Hupfeld, Schweika, Strempfer, Mattenberger, Mcintyre, Briickel
Europhys. Lett. 49 (2000), 92



Eu-resonance

Hupfeld, Schweika, Strempfer, Mattenberger, Mcintyre, Briickel
Europhys. Lett. 49 (2000), 92



single Eu-spin
(5.2 % for x = 0.8) Heisenberg:

Eu-spin pair
(7.9 % for x = 0.8)

_______

_____ 7‘ Eu-spin triple
(4.9 % for x = 0.8)
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canted Versus Collinear States
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Outline

e Summary
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Neutrons

© powder samples

© complex magnetic structures (spherical PA)
© excitations
©

complementarity (probes 4f moments directly, L- determination with
"x-n technique”, s)

XRES: element and band sensitive probel

© soft x-rays (= 1 keV) for thin film magnetism (3d & 4f):
magnetisation density profile, magnefic domain structure

© hard x-rays (~ 10 keV) for thin films and bulk 4f magnets:
spin polarisation in conduction band (dipole transitions)

HEX: High energy (= 100 keV) non resonant magnetic x-ray scattering
© absolute determination of spin form factors (in part. 3d)
Anomalous X-ray scattering:

© Local distortions and orbital ordering




