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Before I came here I was confused about this subject. 

Having listened to your lecture I am still confused.

But on a higher level.

Never underestimate the joy people derive from 

hearing something they already know.

I hope it won’t take long ! Enrico Fermi
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1994 

Nobel Prize

in PhysicsCliff Shull Bert Brockhouse

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.”
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Magnetic neutron diffraction is the leading and unbeaten experimental method …

A. Gukasov in Book of abstract L School on Physics of condensed matter
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The Agilent Technologies Europhysics Prize for outstanding achievement 

in condensed-matter physics in 2000:  

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

“for their pioneering work in establishing the field of magnetic X-ray 

dichroism. …it is possible to obtain information about the material that 

cannot be obtained with traditional measurements.”
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Nowadays:  

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 synchrotron radiation.
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SYNCHROTRON RADIATION FACILITIES
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More than 60 000 users world-wide

49 Synchrotron radiation facilities are running 
and 6 more are under construction
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WHAT IS SYNCHROTRON RADIATION

Landau and Lifshitz: Course of Theoretical Physics

Corresponding paragraph is entitled “Magnetic bremsstrahlung” , 

i.e. electromagnetic radiation due to the deceleration of a charged particle in  magnetic field.
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THE FIRST EVER RECORDED OBSERVATION
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The Crab nebula is the expanding remains of a star that was seen 
to explode by Chinese astronomers in the year 1054 AD.

Hot excited gas emission (reddish) and bremsstrahlung (blueish) 
of high energy electrons in the magnetic field of the rapidly 

rotating neutron star.



PREDICTION OF SYNCHROTRON RADIATION
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G.E. SYNCHROTRON
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Group of Prof. H.C. Pollock builds 70-MeV synchro-cyclotron at 
the General Electric Co. at Schenectady, having transparent
vacuum chamber to observe HV sparking, BUT

F.R. Elder, A.M. Gurewitsch, R.V. Langmuir, and H.C. Pollock, J. Appl. Phys. 18, 810 (1947)

F.R. Elder, A.M. Gurewitsch, R.V. Langmuir, and H.C. Pollock, Phys. Rev. 74, 52 (1947)



THE FIRST OBSERVATION OF SYNCHROTRON RADIATION
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The 70 MeV synchrotron emitting light (24th April 1947)



PROPERTIES OF SYNCHROTRON RADIATION FROM CYCLIC ACCELERATORS
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Unique experimental tool for X-ray physics



SYNCHROTRON RADIATION FACILITY
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INSERTION DEVICES
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SYNCHROTRON RADIATION SOURCES

Page 16 А.Рогалев   |  X-rays and Magnetism    |   L Школа ПИЯФ по ФКС   | 14-19 Марта 2016

𝑭 ∝ 𝑵

𝑭 ∝ 𝑵𝟐



BRIGHTNESS – FIGURE OF MERIT OF A LIGHT SOURCE

Page 17

𝚫𝚯

𝑩 =
𝑷𝒉𝒐𝒕𝒐𝒏𝒔 𝒊𝒏 𝒖𝒏𝒊𝒕 𝒔𝒑𝒆𝒄𝒕𝒓𝒂𝒍 𝒓𝒂𝒏𝒈𝒆 𝒊𝒏 𝒖𝒏𝒊𝒕 𝒕𝒊𝒎𝒆

𝒔𝒐𝒖𝒓𝒄𝒆 𝒔𝒊𝒛𝒆 × 𝒅𝒊𝒗𝒆𝒓𝒈𝒆𝒏𝒄𝒆 𝟐

Units: photons/s/mm2/mrad2/0.1%BW

Brightness is at most conserved in an optical system: 
impossible to increase brightness given the source.

“Best optics is no optics”
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HOW BRIGHT IS SYNCHROTRON RADIATION SOURCE ?
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SYNCHROTRON GENERATION TIMELINE
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Short Wavelengths
- Comparable with atomic distances
- Bragg’s diffraction
Energy resolution and tuning
- Core-hole electron transitions energies
- Element and orbital selectivity
- Inelastic scattering
Full control of polarisation
- Magnetic and electronic symmetries
Picosecond time structure 
- Pump probe experiments
- Photon correlation spectroscopies
Strong collimation and coherence
- X-ray nanobeams
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THIRD GENERATION SYNCHROTRON RADIATION FACILITIES
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SHOPPING LIST FOR A BETTER SYNCHROTRON RADIATION SOURCE
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 Wavelength Range

 Determines science reach—atomic or electronic structure and dynamics

 Brightness: Average and Peak

 Determines measurement sensitivity

 Pulse Width

 fs pulses opens the window on ultrafast dynamics and ‘probe before destroy’ 

technology

 Coherence

 Allows new techniques  (e.g. coherent imaging)

 Leads to high brightness of the beams

 Stability

 Source stability in energy, position, time, intensity

 Number of Undulators/Beamlines/Endstations

 Determines the number of users in parallel that can be accommodated and 

ultimately how much science gets delivered
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UNDULATOR RADIATION BRIGHTNESS
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 Brightness convolution theorem:

𝑩 =
𝑵𝒆𝑭 𝝎

𝟐𝝅𝟐𝚺𝒙𝚺𝒚𝚺𝒙′𝚺𝒚′
𝐞𝐱𝐩 −

𝒙𝟐

𝟐𝚺𝒙
𝟐
−

𝒚𝟐

𝟐𝜮𝒚
𝟐
−

𝝓𝒙
𝟐

𝟐𝜮𝒙′
𝟐 −

𝝓𝒚
𝟐

𝟐𝜮𝒚′
𝟐

𝚺𝒙,𝒚
𝟐 ≡ 𝝈𝒙,𝒚

𝟐 + 𝝈𝒓
𝟐 𝜮𝒙′,𝒚′

𝟐 ≡ 𝝈𝒙′,𝒚′
𝟐 + 𝝈𝒓′

𝟐 𝝈𝒓 =
𝟐𝝀𝑳𝒖
𝟒𝝅

𝝈𝒓′ =
𝝀

𝟐𝑳𝒖

 Electron beam emittance dominated regime:  𝝐𝒙,𝒚 = 𝝈𝒙,𝒚𝝈𝒙′𝒚′ ≫
𝝀

𝟒𝝅

𝑩 =
𝑵𝒆𝑭 𝝎

𝟐𝝅𝟐𝝈𝒙𝝈𝒚𝝈𝒙′𝝈𝒚′
=

𝑵𝒆𝑭 𝝎

𝟐𝝅𝟐𝝐𝒙𝝐𝒚

 Radiation dominated regime:  𝝐𝒙,𝒚 ≪
𝝀

𝟒𝝅

𝑩 =
𝑵𝒆𝑭 𝝎

𝟐𝝅𝟐𝝈𝒙𝝈𝒚𝝈𝒙′𝝈𝒚′
=
𝑵𝒆𝑭 𝝎

 𝝀 𝟐

𝟐
DIFFRACTION LIMITED SOURCE !!!
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ESRF PUSH TOWARD HIGHER PERFORMANCES
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X-ray Brightness Curve
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ESRF-EBS (2020)

Present ESRF Lattice: εx=4nmrad

Low Emittance Lattice: εx=0.15nmrad

А.Рогалев   |  X-rays and Magnetism    |   L Школа ПИЯФ по ФКС   | 14-19 Марта 2016



GROWTH OF X-RAY BRIGHTNESS AND MAGNETIC STORAGE DENSITY
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FREE ELECTRON LASER
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 Resonant interaction of electrons

with EM radiation in an undulator

 Coherent radiation intensity ∝ Ne
2

due to beam microbunching

(Ne: # of e- involved ~106 to 109)

At x-ray wavelengths, use Self-Amplified 

Spontaneous Emission* (a wonderful instability!) 

to reach high peak power

undulator entrance

full saturation
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LCLS : THE FIRST X-RAY FREE ELECTRON LASER
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electron beam

x-ray beam

Injector

1km linac 14GeV

Undulator hall
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33 x 3.36m

Near Experimental Hall

Far Experimental Hall



STORAGE RINGS ARE COMPLEMENTARY TO FELS
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BRIGHT SYNCHROTRON RADIATION SOURCES IN EUROPE
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Current Status:

Several high performance hard-x-ray SR

ESRF, PETRA-3

Several high performance medium x-ray SR

BESSY, SLS, Soleil, Diamond

One ultimate medium x-ray SR

MAX-IV

Two soft x-ray FEL’s 

FLASH I & Fermi with1 undulator each

Near Future

Upgrade ESRF to ‘EBS’, expand PETRA-3

Expand FLASH I  FLASH II

Two new hard x-ray FEL’s: 

XFEL: rep rate 3000 x 10; 6 undulators

SwissFEL: rep rate 100 Hz and 1 undulators 

XFEL 2017

17.5 GeV, 3000 x 10 Hz SC

MAX-IV

Diffraction limited SR
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http://bilder.desy.de:9080/XFELmediabank/ConvertAssets/european-xfel-site-schenefeld-visualization-1.jpg
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Photon could be
• absorbed (photoelectric effect)
• elastically scattered
• inelastically scattered

92U
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M edges
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For magnetism research, the key word - POLARIZATION

X-RAY INTERACTIONS WITH MATTER



POLARIZATION OF LIGHT
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Polarization vector  𝝐 =
𝑬

𝐸0

𝒌 // z

𝝐 =
1
0
0

𝝐 =
1

2

1
𝑖
0

𝝐 =
1

2
−
1
𝑖
0

Note: the phase conventions are highly variable
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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



MAGNETIC COMPTON SCATTERING
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N. Sakai J. Appl. Crystallogr. 29 (1996), 81

Magnetic Compton Scattering



THE FIRST HEROIC EXPERIMENT
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122 keV
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MAGNETIC COMPTON SCATTERING AT 2ND GENERATION SOURCES
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MS(5d) = 0.53±0.08 μB

N.Sakai et al., J.Phys.Soc.Japan 60, 1201 (1991)

E = 45.2 keV < Gd K-edge
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MAGNETIC COMPTON SCATTERING AT 3RD GENERATION SOURCES

Page 36

ID15 @ ESRF
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X-RAY MAGNETIC SCATTERING
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THE SECOND HEROIC EXPERIMENT
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MAGNETIC X-RAY SCATTERING
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M. Blume and D. Gibbs, PRB 37 (1988), 1779

Determination of magnetic structure

Determination of spin and orbital moment densities

Non resonant  (far from the absorption edge) magnetic scattering

(extremely weak signal < 10-6 )



MAGNETIC X-RAY SCATTERING
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c
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<L> AND <S> SEPARATION FROM NEUTRON DIFFRACTION
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Magnetic form factor NiO

Scaling factor in Q space
H.A. Alperin PRL 6 (1961), 55

Inclusion of covalence and ligands

Orbital momentum contribution ?

W. Marshall and S.W. Lovesey

Theory of thermal neutron scattering.

Oxford University Press, 1971



MAGNETIC X-RAY SCATTERING
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Antiferromagnet: magnetic periodicity = multiple of lattice periodicity

additional magnetic reciprocal lattice vectors

Ferromagnet: magnetic periodicity =  lattice periodicity

same reciprocal lattice vectors (intensity ~ 10-6)

Interference between charge and magnetic scattering amplitude

requires use of circularly polarized X-rays
M. Brunel and F. de Bergevin, Proc. ICM’73, Moscow



MAGNETIC X-RAY SCATTERING
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𝐼+ − 𝐼−
𝐼+ + 𝐼−

=
ℏ𝜔

𝑚𝑐2
𝑃𝑐
𝑳(𝑸)

𝑛(𝑄)

𝐼+ − 𝐼−
𝐼+ + 𝐼−

=
ℏ𝜔

𝑚𝑐2
𝑃𝑐
𝟐𝑺 𝑸 + 𝑳(𝑸)

𝑛(𝑞)

To compare with polarized neutron diffraction:

𝝁𝑯𝒐 = 𝟔. 𝟑 𝝁𝑩 𝝁𝑭𝒆 = −𝟏. 𝟖𝟓 𝝁𝑩



DETERMINATION OF THE SIGN OF DZYALOSHINSKII-MORIYA
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k (x±iy)

k’ (x±iy)

Interference of very weak non-resonant magnetic and multiple wave diffraction 

of circularly polarized X-rays measures the sign of DM  

Calculated azimuthal dependence

D = 0 D > 0 D < 0

HDM = D.(SixSj)

Dzyaloshinskii-Moriya interaction is at the origin of 
weak ferromagnetism, magnetoelectricity, multiferroicity, etc. 

Collinear antiferromagnet Spin canted antiferromagnet

In coll. with V.E. Dmitrienko, F. de Bergevin, E.N. Ovchinnikova, J. Kokubun



DETERMINATION OF THE SIGN OF DZYALOSHINSKII-MORIYA
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The sign of Dzyaloshinskii-Moriya interaction in centrosymmetric crystals 
is determined by local chirality of their atomic structure

Experiments have been performed on hematite Fe2O3 crystal :

hω = 5.521 keV,  = 14.67o, T = 300K, H = 4000 G



X-RAY MAGNETIC CIRCULAR DICHROISM
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The first serious approach to the problem
of absorption of circularly polarized X-rays

Two-step model
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TWO STEP MODEL OF XMCD

Page 47

Exchange splitting of the valence band is driving the second step
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published in 1924



FIRST XMCD EXPERIMENTS
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↔2cm

Synchrotron radiation from bending magnets

RÖMO beamline at DORIS (HASYLAB, Hamburg)

Pc ~ 0.42Si <311>
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XMCD AT THE 2ND GENERATION SOURCES
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First experimental evidence

XMCD is a new approach to study ferromagnetic system
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XMCD SUM RULES
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Orbital sum rule

Spin sum rule
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SOURCES OF CIRCULARLY POLARIZED X-RAYS AT 3RD GENERATION SR 
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In a pure circular mode NO emission of high order harmonics on axis

Bz
Bx

PHASE

lu

31 periods

lu = 52 mm

bhg

thg

P. Elleaume, J. of Syn. Rad., 1, 19-26 (1994)

Full control of polarization: flipping time ~ 2 seconds

Bx = Bz

-lu/4PHASE 0 lu/4 lu/2
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ELEMENT SELECTIVITY OF XMCD

А.Рогалев   |  X-rays and Magnetism    |   L Школа ПИЯФ по ФКС   | 14-19 Марта 2016Page 53

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:

S
5d=0.14 B/atom 

L
5d=0.03B/atom
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SENSITIVITY OF XMCD
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H < ± 17 Tesla, T > 2.0 K
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Typical sample size

0.65mm X 0.80mmx0.12mm
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Spot size: 5x40 μm
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Study of electronic and magnetic structure of matter under 
multiple extreme conditions of high magnetic and/or electric fields, 

very low temperature and high pressure.

PTCP = 1.42 GPa

TTCP = 24K

Superconducting 

state

Phase diagram of a ferromagnetic superconductor
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Element-resolved dynamics. 

Initial State
Different 

demagnetization times

Transient 

ferromagnetic-like 

state

Reversal of the 

sublattices

Radu et al. Nature, 472, 205-208 (2011).
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MAGNETIC IMAGING AT THE 4TH GENERATION FACILITIES
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Lensless imaging of magnetic nanostructures by x-ray holography
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"This work contains many things which are new 
and interesting. Unfortunately, everything that 
is new is not interesting, and everything which 
is interesting, is not new."

L.D. Landau
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X-ray scattering and spectroscopy offer unique 
possibilities to study magnetic materials

 Spin density profile using high energy X-ray magnetic Compton scattering

 Magnetic structure of an antiferromagnet using non-resonant magnetic 

diffraction with unpolarised X-rays

 Polarization analysis of non-resonant magnetic diffraction gives access to spin 

and orbital magnetization densities in an antiferromagnet

 Determination of spin and orbital magnetization in ferromagnets using 

diffraction of circularly polarized X-rays 

 Spin and orbital magnetic moments with element and orbital selectivities in 

ferro- ferri- and paramagnets can be determined using X-ray Magnetic Circular 

Dichroism

 X-ray Resonant Magnetic Scattering allows one to study magnetization profile 

across a multilayer  

CONCLUSIONS
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Thank you for your patience and your attention !
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