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 Nobel Prize in Physics 1994:  B. N. Brockhouse and C. G. Shull 

 

Press release by the Royal Swedish Academy of Sciences: 

“Neutrons are small magnets…… (that) can be used to study the relative 

orientations of the small atomic magnets. ….. the X-ray method has been 

powerless and in this field of application neutron diffraction has since 

assumed an entirely dominant position. It is hard to imagine modern 

research into magnetism without this aid.” 

X-rays and magnetism 
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 Nobel Prize in Physics 1994:  B. N. Brockhouse and C. G. Shull 

 

Press release by the Royal Swedish Academy of Sciences: 

“Neutrons are small magnets…… (that) can be used to study the relative 

orientations of the small atomic magnets. ….. the X-ray method has been 

powerless and in this field of application neutron diffraction has since assumed 

an entirely dominant position. It is hard to imagine modern research into 

magnetism without this aid.” 

 Agilent Technologies Europhysics Prize in 2000:   

P. Carra, G. van der Laan and G. Schütz 

 

“for their pioneering work in the study of magnetic materials with X-rays.” 

 Today:   

 X-ray magnetic circular dichroism (XMCD) is considered to be one of the 

most important discoveries in the field of magnetism research in the last 

two decades. It is hard to imagine modern research into magnetism 

without the aid of X-ray spectroscopy. 

X-rays and magnetism 



5 

 Introduction to X-ray Magnetic Circular Dichroism 

 Experimental aspects  

 Selected examples 

 Magnetism in diluted magnetic semiconductors 

 Induced magnetism in magnetic multilayers 

 X-ray detection of magnetic resonance  

 Conclusions 

Outline 



6 

X-rays and Magnetism 

In 1895 Dr. W.K.Röntgen has discovered “Eine Neue Art von Strahlen” 

On December 28, 1895 W.C. Röntgen had submitted his manuscript  

“On a New Kind of Ray, A Preliminary Communication” to the Würzburg Physical Medical Society.  
On the 1st of January 1896 he sent copies of his manuscript to several renowned physicists.  

22.12.1895 
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search for polarisation of X-rays 

Comptes rendus hebdomadaires des séances de l'Académie des sciences 
Séance du lundi 27 Janvier 1896  

C.R. Acad.Sci. Paris 122 (1896) 186-188 

X-rays and Magnetism 
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J.J. Thomson 

“I may remark that I have made a large number of  
experiments on the opacity to these rays of plates  
of tourmaline (1) with their axes crossed, (2) with  

their axes parallel, testing the intensity of the rays  
which came through in some cases by their action  
on a photographic plate in others by the discharge  
they produced in an electrified plate on which they  

were incident. The result of these experiments were  
entirely negative, for although the tourmaline pro- 
duced very considerable absorption of the rays,  

no difference was detected between the absorption 
when the axes were crossed and when they were 

parallel. It is very desirable that a large number of 
substances should be tested in this way.” 

X-rays and Magnetism 
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search for polarised X-rays 
Comptes rendus hebdomadaires des séances de l'Académie des sciences 

Séance du lundi 23 Mars 1896  

C.R. Acad.Sci. Paris 122 (1896) 717-718 

X-rays and Magnetism 
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search for dichroism with X-rays 
Comptes rendus hebdomadaires des séances de l'Académie des sciences 

Séance du lundi 30 Mars 1896  

C.R. Acad.Sci. Paris 122 (1896) 783-785 

X-rays and Magnetism 
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X-rays were everywhere and for everybody 

How-to  book  gave  step-by-step  instructions  on  making  radiographs,  

and  included  forms  for  ordering  the  equipment  described.  

X-rays and Magnetism 
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X-rays are polarised 
Phil.Trans. A204 (1905), pp 467-479; Proc.Roy.Soc. London A, 77 (1906), pp247-255 

X-rays and Magnetism 
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X-rays are polarised 

Experimental set-up of  Prof. Charles G. Barkla 

X-rays and Magnetism 
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X-RAY ABSORPTION SPECTROSCOPY AND MAGNETISM 

Phil. Mag. 25, 792-802 (1913) 

X-rays and Magnetism 
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X-RAY ABSORPTION SPECTROSCOPY AND MAGNETISM 

X-rays and Magnetism 
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Phys. Rev. 3 (1914) 306-313 

Phys. Rev. 7 (1916) 119-124 

X-RAY ABSORPTION SPECTROSCOPY AND MAGNETISM 

X-rays and Magnetism 
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X-RAY ABSORPTION SPECTROSCOPY AND MAGNETISM 

Phys. Rev. 22, 320–323 (1923) 

X-rays and Magnetism 
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Zeitschrift fur Physik, 39, 886-900 (1926) 

On question about the magnetic  
rotation of plane polarised primary X-rays 

In this work, an effect of a magnetic field  
on plane polarised X-rays scattered by  
Paraffin and Iron is studied. Far from the  
absorption edge the rotation can not be  
observed due the weakness of the rotation  
angle. Whereas at an absorption edge of ferromagnetic materials one can expect to 
measure the magnetic rotation eventhough precise measurements are very difficult.  

X-rays and Magnetism 
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Zeitschrift fur Physik, 52, 853-868 (1929) 

On the scattering of radiation by free electrons according to the 

new relativistic quantum dynamics of Dirac 

interaction between photons and magnetic electrons is considered 

for the first time 

X-rays and Magnetism 
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X-rays and Magnetism 
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X-rays and Magnetism 
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X-rays and Magnetism 
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Basics of XMCD 

The first serious approach to the problem 
of absorption of circularly polarized X-rays 

Two-step model 



24 

Basics of XMCD 

Two Step Model of XMCD 

Absorption of a right circularly polarized photon 

Excited photoelectrons are spin polarized 

d continuum 

|ml,ms>:         |2,↑>    |1,↑>    |0,↑>    |0,↓>    |1,↓>    |2,↓> 
d continuum 

|ml,ms>:         |2,↓>    |1,↓>    |0,↓>    |0,↑>    |1,↑>    |2,↑> 

√⅔|1,↓> + √⅓|0,↓> - √⅔|-1,↑> - √⅓|0,↑> 

60% 15% 10% 15% 

<lz>= +3/4;   <σz>= -1/2 

Δml=+1 

Δms= 0 

|1,↑>+√⅔|0,↑>+√⅓|-1,↑>+|-1,↓>+√⅔|0,↓>+√⅓|1,↓> 

Δml=+1 

Δms= 0 

<lz>= +3/4;   <σz>= 1/4 

7.5% 15% 15% 2.5% 15% 45% 

LIII-edge (2p3/2) LII-edge (2p1/2) 
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Exchange splitting of the valence band is driving the second step 

Two Step Model of XMCD 

Basics of XMCD 
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First experimental evidence of influence of magnetism on X-ray absorption 

Basics of XMCD 



27 

First experimental evidence of XMCD 

Basics of XMCD 
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First experimental evidence of XMCD 

Basics of XMCD 
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The first Fe K-edge XMCD  spectrum 

Basics of XMCD 
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Basics of XMCD 
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Orbital sum rule 

Spin sum rule 

z

jj

LC
ccll

ll







 



)1(2)1(

)1(2
)( 

Sum rules relate experimental XMCD spectra to the spin and orbital moments 
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C. Guo,  Phys. Rev. B57 (1998), 10295 H. Ebert et al. Phys. Rev. B60 (1999), 7156 
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XMCD Sum Rules 

A. Rogalev et al, J. Magn. Magn. Mat. 321, 3945 (2009) 
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Ni2 / Pt2 multilayer 

T ~ 10K 

H = ± 5 T 

RESULTS 

• Ni magnetic moments: 

 S
3d=0.35 B/atom  

 L
3d=0.038 B/atom 

• Pt induced magnetic moments: 
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Element Selective Magnetometry 

Co17/Pt7/Gd16/Pt7 multilayer 
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+, -
 =>  Absorption cross-sections for CP X-rays with    

 ( + )  helicity      parallel     to the sample magnetization 

 ( - )   helicity  antiparallel   to the sample magnetization  

Quantity to measure:  = + - - 

 Highly performing X-ray detectors  

 Magnetic field to magnetize a sample 

 Source of monochromatic circularly polarized X-rays 

The best possible at the 3rd generation  
synchrotron radiation facilities 
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XMCD Experiment 
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ESRF Beamline ID12 

T > 5 K 

Fixed exit 
Double Crystal  
Monochromator 

I01 
Si (111) 1 2 

HFM-HDM 
VFM 2.0 - 15 keV 
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Reflecto/diffractometer 

XRMS 

B<18º 

If 

H < 6 Tesla 

If
1-8
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nanostructures 
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High field XMCD 
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Bz 
Bx 

PHASE 

lu 

31 periods 

lu = 52 mm 

bhg 

thg 

thg = 6.0 mm  

(Bz=0.493 T) 

bhg = 6.0 mm 

(Bx=0.349 T) 

Flux: 1014 ph/s/0.1%bw P. Elleaume, J. of Syn. Rad., 1, 19-26 (1994) 

Full control of polarization: flipping time ~ 5 seconds 

Bx = Bz 

-lu/4 PHASE 0 lu/4 lu/2 

E1
min=1.7 keV, E1

max=6.2 keV 

Helios-II Undulator source 



2.05 keV - 15 keV 

XMCD experiment at ID12 

K - edge  

L - edges 

M - edges 
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High Field Magnet  

Magnet is a solenoid consisting of 3 coils ( 2 of Nb3Sn and outer of NbTi ) .  

The maximum field is 17T with homogeneity over 10mm DSV of 0.1 %. 

Maximum ramp rate is 2Tesla/minute. Cryogens autonomy is about 48 h. 

Cryogenic Ltd 

44 



High field XMCD set-up 

X-rays 
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Magnetism in DMS 

             
          wz-c-(Ga,Mn)N, (In,Mn)N, (Al,Mn)N, (Ga,Cr)N, (Al,Cr)N  

            (Ga,Fe)N, (Ga,Cu)N, (Ga,Gd)N, (Ga,Eu)N 
           
         (Ga,Mn)As, (In,Mn)As, (Ga,Mn)Sb, (Ga,Mn)P:C 
 

           (Zn,Mn)O, (Zn,Ni)O, (Zn,Co)O, (Zn,V)O, (Zn,Fe,Cu)O, (Zn,Cu)O  
            

           (Ti,Co)O2, (Ti,V)O2, (Ti,Cr)O2, (Sn,Co)O2, (Sn,Fe)O2, (Hf,Co)O2 

           (Cd,Ge,Mn)P2, (Zn,Ge,Mn)P2, (Cd,Ge,Mn)As2, (Zn,Sn,Mn)As2 
            
           (Ge,Mn), (Ge,Cr), (Ge,Mn,Fe) 
            
            (La,Ca)B6, C, C60, HfO2, TiO2-K 

Semiconductor materials that are claimed to exhibit 

hysteresis and spontaneous magnetisation at 300 K 

XMCD has demonstrated that non of them  
is intrinsically ferromagnetic at RT 

A. Ney et al, New Journal of Physics 12, 013020  (2010)  
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GaN : Mn 
The most controversial diluted magnetic semiconductor 

• Ferromagnetism  

• Paramagnetism  

A. Wolos et al., PRB 69, 115210 (2004) 

2K < TC < 940K 

S. Sonoda et al., J. Crys. Growth 237-239, 1358 (2002) 

SQUID magnetometry measurements: 

9% of Mn 

Magnetism in DMS 
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Magnetism in DMS 

2. What is the site of 3d atoms ? 

 Substitution  

 Interstitial 

 Substitution and interstitial 

 

3. What is the valence state of 3d atoms? 

 

 

4. Is it really a diluted magnetic semiconductor or  

    ferromagnetic clusters in semiconducting matrix?  

1. How are 3d atoms incorporated in the lattice? 

 Single phase 

 Presence of (magnetic) secondary phases 

 Clusters formation 

Concentration limit ?  

Ga 

N 

a a 

c 

Mn 

Space group 186 

Structure : P63mc 
Non-centrosymmetric 

What do we need to know more ? 
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Magnetism in DMS 

Hard X-ray Dichroisms 
Magnetic characterization Structural characterization 

• high sensitivity to local environment 

  (symmetry, bonding, electronic structure)  

XLD =  (E) - // (E)  

Linearly polarized X-rays 

XLD measures the anisotropy of the 

unoccupied density of states at absorbing atom  
XMCD measures amplitude and directions of the  

spin and orbital moments carried by absorbing atom 

XMCD = R(E) - L(E)  

Circularly polarized X-rays 

• element selective magnetization measurements 
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Homogeneous Incorporation of Mn from 0.04 up to max. 6.3 at.% 

Our GaMnN samples 

Samples were grown by plasma assisted molecular beam epitaxy (PAMBE) 

E. Sarigiannidou*, E. Monroy and H. Mariette 
Equipe mixte CEA-CNRS-UJF ‘‘Nanophysic and Semiconductors’’, DFRMC/SP2M CEA, Grenoble, 
France  

* LMGP/LTM, INP –Minatec, Grenoble, France 
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Magnetism in DMS 
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Magnetism in DMS 
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Magnetism in DMS 

TC ~8 K  

Magnetic Field  c crystal axis 

Corrections from the diamagnetic/paramagnetic  

contribution: measurements on a blank substrate 

 Opening of the hysteresis loop at 2 K 
  coercive Field  100 Gauss 
  
 Thermal Variation  TC = 8 K 
 
 Remanent magnetization 44% of the 
spontaneous magnetization  2.4B per Mn 

 

2.4 B/Mn 

Easy axis  in-plane 

6.3% Mn  

Macroscopic Magnetic Characterization 
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X-ray Linear Dichroism (XLD) Results 

E. Sarigiannidou et al. Phys. Rev. B74, 041306(R) (2006) 

Magnetism in DMS 

   Mn atoms are Ga substituted  
   No secondary parasitic or clusters phases 
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Magnetism in DMS 

 All the Mn K-edge XANES spectra  
have similar spectral shape 
 
 
 
 
 
 
 
 XLD spectra are identical for all 
samples from 0.04% up to 6.3% of Mn 

 No secondary parasitic or clusters phases  
 0.04% Mn is the reference spectrum 
 (presence of secondary phases is unlikely) 

   small differences are observed at  
the first pre-edge peak  
(narrowing of 3d band)  
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Mn is perfectly incorporated up to at. concentration of 6.3% 

X-ray Linear Dichroism (XLD) Results 
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Magnetism in DMS 

X-ray Magnetic Circular Dichroism Results 

Raw XMCD Magnetization Curve 
(no corrections needed)  

 Intrinsic Magnetism of (Ga,Mn)N 
XMCD Mn K-edge:  

probes the orbital magnetization 

 

Large Signal (~ 1.4%)        Large Orbital magnetic moment       mainly Mn3+ 

6.53 6.54 6.55 6.56 6.57 6.58

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

-0.016

-0.012

-0.008

-0.004

0.000

0.004

 

F
lu

o
re

s
c

e
n

c
e

 Y
ie

ld
 (

a
.u

.)

Photon Energy (keV)

Mn K-edge

T=7K

H=6T

GaMnN wurtzite

X
M

C
D

 

6.3% Mn

6.3% Mn  

E. Sarigiannidou et al. Phys. Rev. B74, 041306(R) (2006) 
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GaMnN versus GaMnAs and MnAs 
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Mn K-edge

 XANES of Mn in GaMnN at higher energy : different electronic structure 
 Presence of two pre-edge peaks  Mn3+ 

 Difference in XMCD : 

1. Mn (d5) in MnAs is 0.2% and integral is nearly zero 

2. Mn (d5+δ) in GaMnAs is +0.25% and positif 

3. Mn in GaMnN is -1.4% and negatif mainly Mn3+ (d4)  
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Magnetism in DMS 
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Induced magnetism 

W induced magnetic moments: 

         S
5d = - 0.33 B        L

5d = 0.12B   

 

 

 

 

S
5d = - 0.22 B        L

5d = 0.1B 

P. Majewski et al., Phys. Rev. B, 72, 132402 (2005) 

TC=160K 

TC=443K 

Ferrimagnetic ordering 

in both compounds 
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Induced magnetism 
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[Fe5/W3]30  multilayer Fe0.97W0.03 thin film 

Wilhelm F. et al., Phys. Rev. Lett. 87 (2002), 207202 In collaboration with E.Majkova (Slovakia) 

W induced magnetic moments are different                           
in the multilayer and in the alloy   

XMCD *4 
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Induced magnetism 

W

Fe

Fe

W

Fe

Mspin
W-5d = - 0.70 μB/atom 

Morbital
W-5d = + 0.03 μB/atom 

Mtot
W-5d = - 0.67 μB/atom 

Morbital
W-5d/Mspin

W-5d = - 0.043  

Mspin
W-5d = - 0.17 μB/atom 

Morbital
W-5d = - 0.015 μB/atom 

Mtot
W-5d = - 0.185 μB/atom 

Morbital
W-5d/Mspin

W-5d = + 0.09  

Ms
W-5d 

ML
W-5d 

Ms
Fe-3d 

Ms
W-5d 

ML
W-5d 

Ms
Fe-3d 

Ms
Fe-3d 

Dimensionality may break even the well-established  
atomic rules (third Hund’s rule) 



60 

Induced magnetism 
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n h          = 6.11 holes 
W-5d 

n h          = 5.72 holes 
W-5d 

Multilayer Fe/W : 

Alloy Fe97/W3 : 

 Charge transfer 5d W ↔ 3d Fe 

 Local symmetry: impurity vs interface 

 Spin-other-orbit coupling 

Jinter . SZ
Fe.SZ

W linter . SZ
Fe.LZ

W lintra . SZ
W.LZ

W   
Intra-atomic W spin-orbit coupling 

(antiparallel) (third Hund’s rule) 
Inter-atomic spin-spin coupling 

(antiferromagnetic coupling) 

Inter-atomic antiferro Fe-W 

spin-other-orbit interaction 

nh
5/2 / nh

3/2 = 2.10 

nh
5/2 / nh

3/2 = 3.17 

2p3/2 → 5d5/2 , 

5d3/2 

2p1/2 → 

5d3/2 

Who Breaks the Third Hund’s Rule ? 
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Induced magnetism 
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N. Jaouen et al., Phys. Rev. B 70, 094417 (2004) 
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Magnetism in Ga+ irradiated Pt/Co/Pt 

Remanence  REM 
Effective anisotropy  

field H1eff 

Magneto-optical Kerr studies 
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Magnetism in Ga+ irradiated Pt/Co/Pt 

XMCD studies at the Cobalt K edge 

A. Maziewski, P. Mazalski, Z. Kurant, M.O. Liedke, J. McCord, J. Fassbender, J. Ferré, A. Mougin,  

A. Wawro, L.T. Baczewski, A. Rogalev, F. Wilhelm, T. Gemming, Phys. Rev. B 85, 054427 (2012). 

PMA branches 1 and 2 are due to formation of a CoPt alloy 

at upper and lower interfaces, respectively 
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Exchange coupling in multilayers  

Indirect exchange coupling in Py/Cu/Pd system 

Pd acquires a moment even through a 3nm thick Cu layer 



65 

Exchange coupling in multilayers  

W.E.Bailey, A. Ghosh, S. Auffret, E. Gautier, U.Ebels, F. Wilhelm, A. Rogalev, Phys. Rev. B 86, 144403 (2012). 



A Probe of Magnetization Dynamics using XMCD     

Longitudinal Probe   

XMCD   Mz 

Transverse Probe   

XMCD    M 

 Static  

Bias Field  

Microwave Pump  

Field 

 H0 

hp 
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Y 

CP X-rays 

CP X-rays 

Ms 

Meq J0 

Z 
Mz 

M 

Modulated at Microwave Frequency  

Steady-state  + 2nd Harmonic  

High Microwave Pumping Power Required !.. Small Precession angle  J0  

J. Goulon, A. Rogalev et al.   J. Synchrotron Radiation 14  (2007)  257 

FERROMAGNETIC RESONANCE: ωres= γHeff = γ (H0 - 4πMSΔN); γ ≈ 28 GHz/T 

X-ray detection of magnetic resonance 



 RF 

Time-domain:  Bunch structure  

Frequency domain: Harmonics  
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ESRF:  tfwhm  2.35 s  50 ps   T  2.839 ns 

sF (Freq.  Distribution )   (2s)-1  7.48 GHz 

F1/2 (hwhm)    8.79 GHz  (N  25) 

FT cf.  E. Gratton  (1992)  

  i.e.  in the microwave X-band  

HETERODYNE DETECTION OF XDMR   

USING HARMONICS  N x RF 

… AS INTERNAL LOCAL OSCILLATOR 

LO = 24 x RF = 8452.848 MHz   

X-ray detection of magnetic resonance 



New tunable X-band TE102 microwave cavity for XDMR experiments 

X-ray detection of magnetic resonance 



UNEXPECTED DIFFICULTY  

RF Frequency is an ADJUSTABLE parameter 

for Storage-Ring operation   

XDMR Signal shifts by  24 x 1 Hz 

at each re-adjustment 

Real -Time Correction of  FMW 

Super –Heterodyne Detection 

XMCD    M 

Oscillating at Microwave Frequency  

BEATING FREQUENCY:   718. 223166 kHz  

XDMR IN TRANSVERSE GEOMETRY   
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TRANSVERSE XDMR SIGNAL

’’ 

Corrected 

Uncorrected FMW   

8452.146 MHz 

24xRF  

 8452.86328 MHz 

X-ray detection of magnetic resonance 



Super-Heterodyne Detection of XDMR  Spectra   

X-ray detection of magnetic resonance 
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To conclude  

X-ray Magnetic Circular Dichroism 
is very powerful spectroscopic tool  

to unravel the microscopic origin of magnetism 
 

BUT 
 

XMCD is only a small part of the story … 
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THANK YOU 


