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What is a synchrotron and how does it work? 

What can we use it for in magnetism? 

Synchrotron radiation techniques for magnetism 

Why do we need SR? High brightness 
Wide range tuneable energy  
Variable polarization 
Well-defined and flexible time structure 
High degree of coherence 



How does it work? 

Hendrik Antoon Lorentz 
1853 -1928 

James Clerk Maxwell 
1831 -1879 

Any accelerated 
electric charge 

emits light 

Light is an 
electromagnetic 

wave 

Magnets 

e- 

Light 

     The force F on a 
particle with charge q 
and velocity v in a 
magnetic field B is given 
by : 

! 

F = q v " B( )



The first synchrotron light! 

Elder, Gurewitsch, Langmuir and Pollock 
"Radiation from Electrons in a Synchrotron“   

The first synchrotron light was observed at General Electric Labs in 1946 



Modern synchrotrons around the world 

ALS, Berkeley, USA 

Spring8, Japan 

APS, Chicago, USA 

BESSY, Berlin, Germany LNLS, Campinas, Brazil 

ESRF, Grenoble, France 

ALBA, Barcelona, SPAIN 



And inside… 

And a small journey through the interior… 
•  Source and microtron 
•  Synchrotron 
•  Storage ring 

 Experimental hall 



Source and Microtron 

e- 

Source  70 kV 
(= 70 000 V) 

Microtron 50 MV 
(= 50 000 000 V) 

Source 
(Electron gun) e- 

e- 

(TV: 20kV) 



Synchrotron 

e- 

Source  70 kV 
(= 70 000 V) 

Microtron 50 MV 
(= 50 000 000 V) 

Synchrotron 1.7 GV 
(= 1 700 000 000 V) 

e- 

e- 

(TV: 20kV) 
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Storage ring 

Synchrotron 
radiation 

Bending 
magnet 

Radio- 
frequency 
cavity 

e- 

Bending 
magnet 



Bending magnet 

Relativistic 
electrons 

Synchrotron 
radiation 

Monochromator 

Monochromatic 
beam 

Slits 

Sample 

Detectors 

Incident 
beam 

Electron trajectories 

Beamline layout (Bending magnet) 

e- 
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Storage ring 

Radio- 
frequency 
cavity 

Undulator Synchrotron 
radiation 

Undulator 
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Undulator 

Relativistic 
electrons 

Synchrotron 
radiation 

Monochromator 
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Electron trajectories 
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Physics 
Chemistry 

Biology Biology Medicine 

Hepatitis B virus 

Material Science 
Archeology  

What can we use it for? 

Magnetism 

Geology 
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Synchrotron radiation techniques for magnetism 

EF 

2p3/2 

2p1/2 

3d, 4s 

Transmitted 

Incident 

Fluorescence 

Transmitted !Incident !

Fluorescence (   ) !

Scattering (   ) !

2(3('$( 2(455('$(

Absorption   Scattering   Photoemission   Pump-probe 

Spectroscopy   Diffraction   Microscopy    Femtoslicing 

X-ray magnetic circular dichroism (XMCD)  X-ray resonant magnetic scattering (XRMS) 

X-ray Photoemission electron microscopy (XPEEM)  Transmission x-ray microscopy (TXM)   

Scanning Transmission x-ray microscopy (STXM)   Magneto-dichroic x-ray holography   



SIZE 

TIME 

CHEMICAL 
COMPLEXITY 

Challenges in magnetism 

Magnetism: Interplay 
of interactions on 

different length scales 

M. Reversal 
@ different 
time scales 

Spintronics: 
Need for element 
specific techniques 

~10 years( ~ femtoseconds = 10-15 s(500

400

300

200

100

0

4002000

~108 years(

~ 1nm ~100 µm 

Non 
collinear 

structures 
Magnetic domains(

Effect of boundary conditions? 

How fast the 
magnetization 

can be reversed? 

data 
retention (

Magnetic fields 
Spin polarized currents 
Laser 



XMCD = XASµ- - XASµ+ 

Synchrotron radiation techniques for magnetism 

Atomic and shell 
selective magnetometry 

Synchrotron radiation 
Wide range tuneable energy  
Variable polarization 

X-ray Magnetic Circular Dichroism 

67(

2p3/2 

2p1/2 

3d     

hv hv 



Selective magnetometry (in ErCo2) 

ErCo2: Co 3d band near the 
critical condition for the formation of 
magnetic moment ! very sensitive 
to H, P, R internal field, etc. 

• Co L2, 3 edge  

(Co 3d band) 

• Er M4, 5 edge 
(Er 4f electrons) 
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(Er is the dominant moment in the system) 

Ferrimagnetic  ! 
cubic 

Low T High T 

rhombohedral 

Paramagnetic 
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Orbital and spin moments: 
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X-ray resonant magnetic scattering X-ray resonant magnetic scattering 
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X-ray resonant magnetic reflectivity X-ray resonant magnetic reflectivity 
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X-ray resonant magnetic scattering X-ray resonant magnetic scattering 
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Challenges in magnetism 

Magnetism: Interplay 
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Pump and Probe experiments 

X-rays 

Delay 

Laser 

Sample 

Detectors 
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Magnetic Recording Media Magnetic Recording Media

Longitudinal recording 



Magnetic Recording Media 

Thermal stability limited region 

Superparamagenetic 
challenge. 

Perpendicular 
recording introduced 

Superparamagenetic
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Magnetic Recording Media Magnetic Recording Media 



Magnetic Antidot arrays 

7'1-20+*6-03,%*'&&'9)*

Magnetic thin film with an array of 
non-magnetic inclusions or holes 

Store bits of information in individual magnetic entities 
Control of magnetic properties (Enhancement of coercivity, 
control of the anisotropy) 



Photo Emission Electron Microscopy 

Image 
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PhotoEmission Electron Microsopy 

SEM 

PEEM 

Objective  
lens 

Energy analyser 

Column 

Projective lens 

Light 
source e- 

e-   

•! Imaging: spatial resolution (~ 30 nm) 



X-PEEM: spectro-microscopy 
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•! Imaging: spatial resolution (~ 30 nm)  
•! Spectroscopy and element specific images 
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X-rays e- 
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Magnetic spectro-microscopy 

XAS 

XAS 

XMCD 

•! Imaging: spatial resolution (~ 30 nm)  
•! Spectroscopy and element specific images 
•! Access to buried layers 
•! XMCD: magnetic spectroscopy and imaging 

Objective  
lens 

Energy analyser 

Column 

Projective lens 

X-rays e- 

e-   
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Magnetic antidot arrays 

-1000 -500 0 500 1000

-1

0

1

100 200 300 400 500
0

100

200

300

400

500

600

700

N
or

m
al

iz
ed

 L
on

g.
 K

er
r

Hx (Oe)

 105nm
 120nm
 140nm
 150nm
 200nm
 300nm
 500nm

 H
c 

(O
e)

Periodicity (nm)

d = 80 nm 

p*

 
 
                   p = 500 – 105 nm 

MOKE 

Nominal antidot diameter: d = 80 nm 
 
Periodicity:  

15 Oe 

x 40 Hc thin film 

MOKE B9)%2&2).)*$,,;)(

Magnetic antidot arraysD+K$&P"/(



100 200 300 400 500
0

100

200

300

400

500

600

700
H

c 
(O

e)

Periodicity (nm)

(J="(&$#;"(*F(,="(#00#)(<&,=(E(k(355(('$(-7&;H(4-K11(
A=*<A(#($#;'"GI#G*'(:*';+0#G*'(,=#,(0"A"$K%"A(,="(
,)E&:#%(0"$#'"':"($#;'"GI#G*'(:*';+0#G*'(#l"0(A#,+0#G*'(
*F(E*%):0)A,#%&'"(:*K#%,(menoB(<&,=(W`A(E&''"/(#,(
,="(=*%"AH(
7*0(E(k(e55(('$(-7&;H(4-:11(,="($#;'"G:(/*$#&'(A,0+:,+0"(
&A(:*$E%","%)(/","0$&'"/(K)(,="(#'G/*,(#00#)(;"*$",0)H(
D+E"0/*$#&'AB(&H"H(/*$#&'A(<&,=(&'=*$*;"'"*+A(
$#;'"GI#G*'("X,"'/&';(*R"0(A"R"0#%(+'&,(:"%%A(*F(,="(#00#)(
m45o(,"'/(,*(#AA"$K%"(&',*(#(:=#&'T%&a"(A=#E"B(#A(E0"R&*+A%)(
0"E*0,"/(m3oH(`="'(,="(E"0&*/&:&,)(*F(,="(#00#)(
/":0"#A"A(-7&;H(4-/B"11B(A+E"0T/*$#&'A(/"'A&,)(&':0"#A"AB(
#'/(,="&0(A=#E"(:=#';"A(F0*$(A&';%"(:*%+$'(:=#&'A(,*(#(
K&T/&$"'A&*'#%(;"*$",0)B(+'G%(,="(#00#)(*F(E(k(4e5('$(
-7&;H(4-"11B(&'(<=&:=('*(:=#&'T%&a"(A+E"0/*$#&'(&A(*KA"0R"/H(
J="(#00#)(<&,=(,="(%*<"A,(E"0&*/&:&,)(E(k(453(
('$(-7&;H(4-F11(A=*<A('*($#;'"G:(:*',0#A,(#K*R"(,="(
'*&A"(A&;'#%B(E0*K#K%)(K":#+A"(,="(A&I"(*F(,="($#;'"G:(
F"#,+0"A(&A(K"%*<(,="(AE#G#%(0"A*%+G*'H 
 

Domain 
configuration? 

500

600

700
e)

configurationconfiguration

100 200 300 400 500
0

100

Periodicity (nm)

200

300

400

H
c

(O
e

D+K$&P"/(

C,2&+.@2*D2$3*@)*12,/
2%&9(



100 200 300 400 500
0

100

200

300

400

500

600

700
H

c 
(O

e)

Periodicity (nm)

D+K$&P"/(

EF<>>7G*E7CH*./'12)(



2D magnetization maps 

X-rays 

XPEEM images. 
Red and blue areas: 
DOMAINS (projected)  

X-rays 

2D magnetization map(



2D magnetization maps 

X-rays 

XPEEM images. 
Red and blue areas: 
DOMAINS (projected)  

X-rays 

2D magnetization map(
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Richard Harrison 
James F.J. Bryson 
Gerrit van der Laan 
Simon A.T. Redfern 
Florian Kronast     

Chemical and magnetic microscopy 

Titanomagnetite (FM) - Titanohematite (PM/AF/FM) intergrowths 
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X-PEEM: imaging with magnetic field 

•! Imaging: spatial resolution (~ 30 nm)  
•! Spectroscopy and element specific images 
•! Access to buried layers 
•! XMCD: magnetic spectroscopy and imaging 
•! In-plane magnetic field while imaging (up to 100 mT) 

 

Objective  
lens 

Energy analyser 

Column 

Projective lens 

X-rays e- 

Magnetic 
field 

e-   

Custom made sample holders: 
No deterioration of spatial resolution 
Low remanence field 



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

Hysteresis loops of individual pixels 
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Co L3 edge XMCD 

Fe L3 edge XMCD 

Fe L2 edge XMCD 

Co wedge:   
Study the influence of the FM thickness. 
 
 
X-PEEM:  
Image from zero to several  
Nanometers thick simultaneously! 

	  A
s	  g

ro
w
n	  
Co

	  st
at
e	  
	  	  



((((((((((((((((((((((((

Hysteresis loops of individual pixels 
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Fe3O4 tube magnetization  
Virgin state    Saturated state 

Ni  Ni  Ni  Ni  Ni  
Fe3O4 Fe3O4 O

Incident 
X-rays 

emitted 
photoelectrons 



Fe L2, 3 Ni L2, 3 

XAS on the wire 
 
 
 
XAS at empty tube shadow 
 
 
 
XAS at Ni core shadow 

Probing bulk and surface in nanomagnets 

XAS at Ni core shadow 

Ni Ni Ni Ni 
Fe3O4 Fe3O4 

emitted e- 



Probing bulk and surface in nanomagnets 

Fe L2, 3 Ni L2, 3 



4q$(

SEM 

6PF/'&Q2&*

PEEM 

photon energy 

B*

1.10

1.08

1.06

1.04

1.02

1.00 in
te

ns
ity

 (a
rb

. u
ni

ts
)

730720710700
 photon energy (eV)

 right circular
 left circular

-0.04

-0.03

-0.02

-0.01

0.00

0.01

0.02

 X
M

CD

730720710700

 photon energy (eV)



Magnetic hystersis of a single dimer 

photon energy photon energy photon energy 

magnetic field 

PEEM / XMCD 
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Magnetic hystersis of a single dimer 



material parameters for (bcc) Fe :  
A = 21 pJ/m (exchange constant)  

µ0Ms = 2.15 T (Ms: saturation magnetization).(

<100> 

<110> 

strongly reduced coercitive field 
close to the blocking temperature  

dipolar coupling enhances 
shape anisotropy and increases 
blocking temperature 

evidence for magnetocrystalline 
anisotropy 

complex switching in non-collinear 
alignments 

Micromagnetic simulations for selected configurations Micromagnetic simulations for selected configurations Micromagnetic simulations for selected configurations Micromagnetic simulations for selected configurations 



!"#$ !%# $ %# "#$

!"&$

!$ &#

$&$

$&#

"&$

'( ) * * +
', -../0123

4
5
1.

6
728

/
9
':
;
0/
;
,2
0-
'<
6
&=
&>

?
6@@7

<A />
!"#$ !%# $ %# "#$

?
6@@7

<A />

     
 XPEEM 

500

400

300

200

100

0

5004003002001000
H16 XMCD
with field at +26.303 mA
after saturation at -920 mA

500

400

300

200

100

0

5004003002001000H16E XMCD
with field at +44.487 mA

500

400

300

200

100

0

5004003002001000H20 XMCD
with field at +59.38 mA

500

400

300

200

100

0

5004003002001000H25 XMCD
with field at +119.67 mA

500

400

300

200

100

0

5004003002001000H27 XMCD
with field at +301.28 mA

In
cr

ea
se

 a
pp

lie
d 

m
ag

ne
tic

 fi
el

d 

50
0

40
0

30
0

20
0

10
0

0

5004003002001000

PEEM 

SEM 



50
0

45
0

40
0

35
0

30
0

25
0

20
0

15
0

10
0

50
0

500450400350300250200150100500

4(q$(

0 4 8 12 16 20 24

12

15

18

21

24

(f)(g)
(a-b-d)

(c)
C

oe
rc

iv
ity

 (O
e)

Deviation angle (degree)

(e)
R'S*

R?S*

R+S*

R3S*

R2S* R(S*

R1S*

X-
ra

y 
di

re
ct

io
n 

500

400

300

200

100

0

5004003002001000
H16 XMCD
with field at +26.303 mA
after saturation at -920 mA

500

400

300

200

100

0

5004003002001000H16E XMCD
with field at +44.487 mA

500

400

300

200

100

0

5004003002001000H20 XMCD
with field at +59.38 mA

500

400

300

200

100

0

5004003002001000H25 XMCD
with field at +119.67 mA

500

400

300

200

100

0

5004003002001000H27 XMCD
with field at +301.28 mA

In
cr

ea
se

 a
pp

lie
d 

m
ag

ne
tic

 fi
el

d 



3$m 

Influence of structure size on TC Influence of structure size on TC 

( )

2
0

B

1
3

C

CT
T T

C n
k

!

µ µ

=
"

=



X-ray microscopes 
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Synchrotron radiation techniques for magnetism 
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