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W.C.RoentgenW.C.Roentgen::

in in 18951895 he did his famous discovery of a shorthe did his famous discovery of a short--
wave ray, named wave ray, named XX--rayrays, for which he receiveds, for which he received
the first Nobel Prize in Physics (1901).the first Nobel Prize in Physics (1901).

Although these results were remarkable, the XAlthough these results were remarkable, the X--ray tubes were limited: the light was ray tubes were limited: the light was 
emitted in all directions with no possibility of focusing it or emitted in all directions with no possibility of focusing it or making the rays parallel. making the rays parallel. 
This light was also only intense on particular wavelengths, whicThis light was also only intense on particular wavelengths, which restricted its use, h restricted its use, 

particularly in the field of spectroscopy. particularly in the field of spectroscopy. 

XX--rays are actually electromagnetic waves situated between rays are actually electromagnetic waves situated between 
ultraviolet light and gamma rays on the wavelength scale.ultraviolet light and gamma rays on the wavelength scale.

Their wavelengths are comparable to Their wavelengths are comparable to interatomicinteratomic distances. distances. 



April the 24thApril the 24th 1947 1947 

At the synchrotron in General Electric At the synchrotron in General Electric 
laboratory (USA)laboratory (USA)

byby
FrankFrank ElderElder, , 
AnatoleAnatole GurewitschGurewitsch, , 
RobertRobert LangmuirLangmuir, , 
andand HerbHerb PollockPollock
(PhD F. Haber)(PhD F. Haber)

The title The title ““synchrotronsynchrotron”” for the for the 
radiation is from the name of the radiation is from the name of the 
machine, at which it was machine, at which it was 
observedobserved……



D.D. Iwanenko, 
I.Ya. Pomeranchuk,
Phys Rev 1944

Energy loss on 
synchrotron radiation 
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In In 19121912 George SchottGeorge Schott published his article,published his article,
where the polarization properties and angular where the polarization properties and angular 

distribution of radiation from electrons on circular distribution of radiation from electrons on circular 
orbit are described. orbit are described. 

Before this, in Before this, in 18981898, , AlfredAlfred--Marie LiMarie Liéénardnard predicted that predicted that 
charged particles undergoing acceleration would emit energy.charged particles undergoing acceleration would emit energy.

The Scottish physicist and mathematicianThe Scottish physicist and mathematician James Clerk MaxwellJames Clerk Maxwell
published his paper "published his paper "On Physical Lines of ForceOn Physical Lines of Force" between " between 18611861 and and 
1862. 1862. 
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the case of relativistic particles:the case of relativistic particles:

synchrotron radiationsynchrotron radiation

СинхротронноеСинхротронное излучениеизлучение — это магнитотормозное электромагнитное
излучение, испускаемое релятивистскими зараженными частицами, когда
постоянное магнитное поле заставляет их двигаться по круговым орбитам
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the case of nonthe case of non--relativistic particles:relativistic particles:

cyclotron radiationcyclotron radiation

θu ≈ mc2/E



The supernova was observed by ancient The supernova was observed by ancient 
astronomersastronomers

Relativistic electrons passing through Relativistic electrons passing through 
the magnetic fields of the nebula, give the magnetic fields of the nebula, give 
rise to Synchrotron radiationrise to Synchrotron radiation

This is confirmed by the polarization This is confirmed by the polarization 
properties of radiation from the Crab properties of radiation from the Crab 
NebulaNebula



Broad Spectrum (which covers from microwaves to hard XBroad Spectrum (which covers from microwaves to hard X--rays):rays):
the users can select the wavelength required for their experimethe users can select the wavelength required for their experiment and nt and 

tune it with a high accuracytune it with a high accuracy

High Flux: high intensity of photon beam allows rapid experimHigh Flux: high intensity of photon beam allows rapid experiments ents 
or use of weakly scattering crystalsor use of weakly scattering crystals

High Brilliance: highly collimated photon beam generated by aHigh Brilliance: highly collimated photon beam generated by a small small 
divergence and small size source (spatial coherence)divergence and small size source (spatial coherence)

High Stability: submicron source stabilityHigh Stability: submicron source stability

Polarization: both linear and circular (up to 100%)Polarization: both linear and circular (up to 100%)

Pulsed Time Structure: pulsed length down to tens of picosecoPulsed Time Structure: pulsed length down to tens of picoseconds nds 
[10[10--12 12 c]c] allows the resolution of process on the same time scale.allows the resolution of process on the same time scale.

before: only several characteristic wavelengths 
in X-ray tubes   

before: low intensities   

before: scattering in 
4π solid angle

before: non-
polarized radiation

before: no any time 
structure



optics hutchoptics hutch

experimental hutchexperimental hutch

control spacecontrol space

Electron energy: 6 Electron energy: 6 GeVGeV

Storage ringStorage ring
circumference is 844mcircumference is 844m

[ESRF][ESRF][ESRF]

High vacuum: 10-9Torr !!!



Bwiggler ≤ 10Tesla

Nwiggler ≤ 10

(e/mc)*(BL/2π)»1

Large deviation;Large deviation;
NonNon--coherent radiationcoherent radiation
from each period;from each period;

““WideWide”” spectra;spectra;
IIwigglerwiggler ~ N~ N

L

(e/mc)*(BL/2π) ≤ 1 Small deviation;Small deviation;
Coherent radiationCoherent radiation
from each period;from each period;

““NarrowNarrow”” spectra;spectra;
IIundulatorundulator ~ N~ N221.5 meters





Asia-Oceania: 26, Europe: 25, US: 18, Russia: 2÷4



8Gev, 1104m6Gev, 844m 7Gev, 1436m

since 1997since 1994 since 1996
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Absorption spectroscopyAbsorption spectroscopy
XAFS: XANES + EXAFSXAFS: XANES + EXAFS

PolarizationPolarization--depended absorption spectroscopydepended absorption spectroscopy
XMCD, XLD, XMLD, XND, XMCD, XLD, XMLD, XND, etcetc……

Emission spectroscopyEmission spectroscopy
XX--ray fluorescence analysisray fluorescence analysis

Photoelectron spectroscopyPhotoelectron spectroscopy

Inelastic scattering of XInelastic scattering of X--RaysRays
Compton profiles, phonon structure, RIXSCompton profiles, phonon structure, RIXS

γγ--resonance spectroscopyresonance spectroscopy
NFSNFS

XX--ray resonance magnetic scatteringray resonance magnetic scattering (??!!)(??!!)
XRMRXRMR
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MonocrystalMonocrystal diffractiondiffraction
Laue diffractionLaue diffraction
Protein crystallography Protein crystallography ((MultiMulti--wavelength Anomalous Dispersionwavelength Anomalous Dispersion method)method)

Powder diffractionPowder diffraction

Diffuse scatteringDiffuse scattering
(Roentgen(Roentgen--radiometry analysis)radiometry analysis)

XX--ray small angle scattering, Xray small angle scattering, X--ray wide angle scatteringray wide angle scattering

XX--ray ray reflectometryreflectometry
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courtesy to A.Veligzhanin



XX--ray microscopyray microscopy
Scanning microscopyScanning microscopy
SpectroSpectro--microscopy (PEEM, etc.microscopy (PEEM, etc.))

TomographyTomography

Diffraction topography Diffraction topography ((defectoscopydefectoscopy))

Methods of medical diagnosticsMethods of medical diagnostics
Fluorography, Fluorography, differentionaldifferentional angiography, angiography, 
mammography, mammography, etcetc……

Methods of coherent visualizationMethods of coherent visualization
Coherent diffraction, holography with XCoherent diffraction, holography with X--rays,rays,
photonphoton--correlation spectroscopycorrelation spectroscopy

courtesy to A.Veligzhanin
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Visible light:   n Visible light:   n > 1> 1 XX--rays:   n rays:   n ≤≤ 1, n = 1 + 1, n = 1 + χχ,,

χχ ~ ~ --1010--55÷÷1010--66

total total internalinternal reflectionreflection total total external external reflectionreflection

n = c/v

Incident unpolarized
visible light Reflected 

polarized light

X-rays

Refracted, partially polarized light
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n = 1 + χ

CoFe

Re (χ)

Im (χ) 

Photon energy, eV

Near absorption edges the susceptibility Near absorption edges the susceptibility χχ
isnisn’’t more a scalar: it becomes a tensor!t more a scalar: it becomes a tensor!

χχ = Re(= Re(χχ) + i*) + i*ImIm((χχ),),

The possibility to The possibility to 
observe magnetoobserve magneto--optical optical 

properties!!!properties!!!



wide spectra + the possibility to tune energies across the abswide spectra + the possibility to tune energies across the absorption orption 

edges of every element with high accuracy edges of every element with high accuracy →→ elementelement--selective studies of selective studies of 

complex systemscomplex systems

high brilliance high brilliance →→ studies of weak effects or studies diluted samples  studies of weak effects or studies diluted samples  

high collimation high collimation →→ small beam size + possibilities of small beam size + possibilities of nanofocusingnanofocusing

polarization ( linear or circular ) polarization ( linear or circular ) →→ access to magnetism and anisotropyaccess to magnetism and anisotropy

pulsed time structure pulsed time structure →→ studies of dynamical processesstudies of dynamical processes



0 2 4 6 8 10
10-7

10-5

10-3

10-1

K-edge

L-edge

Absorption

Photon energy, keV

 Fe
 Co
 Ni

LL2,32,3--edgesedges correspond to transitionscorrespond to transitions
from 2pfrom 2p1/21/2 and 2pand 2p3/23/2 core levelscore levels

to unoccupied to unoccupied ndnd statesstates
near Fermi energy in valence bandnear Fermi energy in valence band

2p2p1/21/2

2p2p3/23/2

ndnd
LL33

LL22

K K --edgeedge corresponds to corresponds to 
transitionstransitions

from 1s core levelfrom 1s core level
to unoccupied 4d statesto unoccupied 4d states

1s1s

npnp

KK



absorption spectroscopy: absorption spectroscopy: 

XAS XAS ≡≡ XANES + EXAFSXANES + EXAFS

polarizationpolarization--dependent absorption spectroscopy:dependent absorption spectroscopy:

XMCD = XANES XMCD = XANES (+)(+) –– XANESXANES ((--));;

XLD = XANES XLD = XANES (||)(||) –– XANES XANES ((┴┴))

magnetic reflectivity from periodic magnetic reflectivity from periodic 

multilayersmultilayers & X& X--ray diffraction ray diffraction 
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Studies of electronic structures:Studies of electronic structures:
Valence (oxidation) states;Valence (oxidation) states;
Local enviroment (+ crystal structure)Local enviroment (+ crystal structure)

distances between atoms in the systemdistances between atoms in the system
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constructive interference –
absorption maximum

destructive interference –
absorption minimum

XANESXANES

Multuple scatteringMultuple scattering
on neighbor atoms;on neighbor atoms;
Large free lenghLarge free lengh

EXAFSEXAFS

Singlele scatteringSinglele scattering
on neighbor atoms;on neighbor atoms;

Small free lenghSmall free lengh



FermiFermi’’s Golden Rule s Golden Rule 
in onein one--electron approximation:  electron approximation:  

∑
>

−−∝
Ff EE

f
if

2
E)Eδ(EiTfµ(E)

||ii〉〉 is an initial deep core state (e.g. is an initial deep core state (e.g. 11ss),),
〈〈f f || is an unoccupied state in the presence of a core hole.is an unoccupied state in the presence of a core hole.
TT is the electron transition operator.is the electron transition operator.
For deepFor deep--core excitations, the dipole approximation is validcore excitations, the dipole approximation is valid..

None of the calculation methods can give multiple-electron effects.
The shift due to core-hole involves many assumptions.

Good xGood x--ray absorption theory is still a challenge.ray absorption theory is still a challenge.



Dipole selection rule (only in centralDipole selection rule (only in central--symmetric case!):symmetric case!): ∆∆l l = = ±±11
Consider Consider KK--absorption for transition metals:absorption for transition metals:
•• initial state initial state = 1= 1ss ((ll=0)=0)
•• states near states near EEFF are formed by are formed by nndd electrons electrons ((ll=2)=2)

centralcentral--symmetrysymmetry nonnon--central symmetrycentral symmetry
no any peaksno any peaks There is a preThere is a pre--edge peakedge peak

T. T. ResslerRessler et al. et al. J. Phys. Chem. B 104, 27 (2000) 6360J. Phys. Chem. B 104, 27 (2000) 6360--6370 6370 
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XANES spectra recorded at the Ti K edge for TiO2:V(3%) thin filmXANES spectra recorded at the Ti K edge for TiO2:V(3%) thin film
[experiment has been done at the [experiment has been done at the KurchatovKurchatov InstitutInstitut (Russia)](Russia)]



Why does it shift?Why does it shift?
Electrostatic: it is harder for the photoelectron to leave an Electrostatic: it is harder for the photoelectron to leave an oxidized atomoxidized atom
Shorter bonds at higher oxidation statesShorter bonds at higher oxidation states ⇒⇒ Fermi energy is higherFermi energy is higher

Plutonium Oxidation State TransformationsPlutonium Oxidation State Transformations

Environ. Sci. Technol.Environ. Sci. Technol.,, 41(21): 741741(21): 7417––7423 (2007) 7423 (2007) 
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A. Smekhova et al. Solid State Phenomena, 190, pp.421-424 (2012)



G. G. MeitznerMeitzner, G. H. Via, F. W. Lytle, and J. H. , G. H. Via, F. W. Lytle, and J. H. SinfeltSinfelt,,
J. Phys. Chem. 96 (1992) 4960J. Phys. Chem. 96 (1992) 4960

LL33 absorption edges for 5absorption edges for 5dd metals:metals:
(transition 2(transition 2pp3/23/2 →→ 55dd))

Intensity is proportional to the number of Intensity is proportional to the number of 
free 5free 5d std states + it depends on valence stateates + it depends on valence state
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Unpleasant things:Unpleasant things:
FT positions are shifted towards small distances. FT positions are shifted towards small distances. 
More unpleasant:More unpleasant: Each FT peak has its own shift.Each FT peak has its own shift.
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•• General requirementsGeneral requirements
•• uniform on a scale of the absorption length of the material uniform on a scale of the absorption length of the material 

(typ. ~ 10 (typ. ~ 10 µµm)m)

•• Shape, aggregative stateShape, aggregative state
•• Solids: powders, foils etc.; single crystals and thin foils canSolids: powders, foils etc.; single crystals and thin foils can utilizeutilize

polarization properties of SR.polarization properties of SR.
•• LiquidsLiquids
•• GasesGases

•• ConcentrationsConcentrations
•• for transmission: typ. >1 wt%for transmission: typ. >1 wt%
•• for fluorescence: typ. >100 for fluorescence: typ. >100 ppmppm

TiO2 : V (?%)TiO2 : V (?%)
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In this work, an effect of a magnetic field In this work, an effect of a magnetic field 
on plane on plane polarisedpolarised XX--rays scattered by rays scattered by 
Paraffin and Iron is studied. Far from the Paraffin and Iron is studied. Far from the 
absorption edge the rotation can not be absorption edge the rotation can not be 
observed due the weakness of the rotation observed due the weakness of the rotation 
angle. Whereas at an absorption edge of ferromagnetic materials angle. Whereas at an absorption edge of ferromagnetic materials one can expect to measure one can expect to measure 
the magnetic rotation the magnetic rotation eventhougheventhough precise measurements are very difficult.precise measurements are very difficult.

ZeitschriftZeitschrift fur fur PhysikPhysik, 39, 886, 39, 886--900 (1926)900 (1926)

courtesy to A.Rogalev



The first serious theoretical approach to the problemThe first serious theoretical approach to the problem

courtesy to A.Rogalev



First experimental evidenceFirst experimental evidence

XMCD is a new approach to study ferromagnetic systemXMCD is a new approach to study ferromagnetic system

XMCD is a major discovery XMCD is a major discovery 
in magnetismin magnetism

during the last 20 yearsduring the last 20 years

courtesy to A.Rogalev



Circular polarizationsCircular polarizations
(left & right)(left & right)

from synchrotronfrom synchrotron total fluorescencetotal fluorescence

XMCD is the difference in absorption of right and left circular XMCD is the difference in absorption of right and left circular polarizations,  polarizations,  
when the wave vector of incidence radiation is collinear to sampwhen the wave vector of incidence radiation is collinear to sample magnetization,le magnetization,

and allows one and allows one 
to determine to determine directly from the experimentaldirectly from the experimental L2.3 L2.3 absorptionabsorption spectraspectra
the amplitude and the direction of the spin and orbital contributhe amplitude and the direction of the spin and orbital contributionstions

into the total magnetic moment of atoms by means of into the total magnetic moment of atoms by means of Sum RulesSum Rules



LL2,32,3--edgesedges correspond to transitionscorrespond to transitions
from 2pfrom 2p1/21/2 and 2pand 2p3/23/2 core levelscore levels

to unoccupied to unoccupied ndnd statesstates
near Fermi energy in valence bandnear Fermi energy in valence band

2p2p1/21/2

2p2p3/23/2

ndnd
LL33

LL22

→→ probe spin and orbitalprobe spin and orbital
magnetism of magnetism of nndd statesstates

in dipolar approximation in dipolar approximation ∆∆l=l=±±1; 1; ∆∆s=0; s=0; ∆∆mmll==±±1; 1; ∆∆mmss=0=0

B.T. B.T. TholeThole, P. , P. CarraCarra , F. , F. SetteSette, G. van , G. van derder LaanLaan; PRL68, 1943 (1992); PRL68, 1943 (1992)
P. P. CarraCarra, B.T. , B.T. TholeThole,  ,  M.AltarellyM.Altarelly, , X.WangX.Wang; PRL70, 694 (1993); PRL70, 694 (1993)

~ integrated intensity of transitionsLA

- number of 4d- holeshn

~ difference in the integrated intensity
for right and left polarisations

∆L

)2L∆3L∆(C3
2

LM +−=

><+−−= d
ZT7)2L∆23L∆(Ceff

SM

2LA
3LA

hnC
+

∝

Spin magnetic Spin magnetic 
dipole operator,dipole operator,

which is associatedwhich is associated
with an asphericitywith an asphericity
of the spin densityof the spin density

distributiondistribution

TzTz is important foris important for
lowlow--dimensionaldimensional

and anisotropic samplesand anisotropic samples
( up to 30 % )( up to 30 % )



K K --edgeedge corresponds to corresponds to 
transitionstransitions

from 1s core levelfrom 1s core level
to unoccupied to unoccupied ndnd statesstates

1s1s

4p4p

KK

→→ probe only orbitalprobe only orbital
magnetism of magnetism of nnpp states states 

!! sensitivity to the local magnetic environment sensitivity to the local magnetic environment !!

Difficulty:Difficulty:
♦♦ determination of area Adetermination of area A
♦♦ quadrupolarquadrupolar transitions not negligibletransitions not negligible

,K∆C−=LM
KA
hn

C∝

……but, since core level doesnbut, since core level doesn’’t split, t split, 
we we havnhavn’’tt information about spin momentinformation about spin moment……

+++ ……magnetic effects are much smallermagnetic effects are much smaller
than at L edgesthan at L edges……



XMCD XMCD isis the direct probe of the direct probe of unoccupiedunoccupied spin up and spinspin up and spin--down down densitydensity of statesof states



MacroscopicMacroscopic SusceptibilitySusceptibility MeasurementsMeasurements

• Diamagnetic contribution
• All electrons (s, p and d) contribute
• Contribution of magnetic impurities

•• DiamagneticDiamagnetic contributioncontribution
•• All All electronselectrons ((ss, , pp and and dd) ) contributecontribute
•• Contribution of Contribution of magneticmagnetic impuritiesimpurities

XMCD
Proposed by H. Ebert et al., Synchrotron and Magnetism , Lectures Notes in Physics (2001)

XMCDXMCD
ProposedProposed by H. Ebert by H. Ebert et alet al., ., Synchrotron and Synchrotron and MagnetismMagnetism , Lectures Notes in , Lectures Notes in PhysicsPhysics (2001)(2001)

♦ to measure mainly magnetism of d states

♦ the separation of the spin and orbital susceptibilities

♦ A priori is not sensitive to diamagnetism

♦♦ to measureto measure mainlymainly magnetismmagnetism of of dd statesstates

♦♦ the separationthe separation of the of the spinspin and and orbital orbital susceptibilitiessusceptibilities

♦♦ AA priori priori is is notnot sensitive to sensitive to diamagnetismdiamagnetism
courtesy to A.Rogalev



optics hutchoptics hutch

experimental hutchexperimental hutch

control spacecontrol space

Storage ringStorage ring
circumference is 844mcircumference is 844m

Electron energy: 6 Electron energy: 6 GeVGeV

Number of Number of beamlinesbeamlines: ~ 40: ~ 40

ID12ID12 Beamline at the ESRF:Beamline at the ESRF:
(main part)(main part)

H H << ±± 6 Tesla6 Tesla

Energy range:Energy range:
2 2 -- 14 14 keVkeV

IIff

IIff
Fixed exitFixed exit

Double Crystal Double Crystal 
MonochromatorMonochromator

Si (111)Si (111)11 22

HFMHFM--HDMHDM
VFMVFM

3 Helical 3 Helical undulatorsundulators
HarmonicsHarmonics
RejectionRejection

FocalisationFocalisation

Total Fluorescence Yield Total Fluorescence Yield 
Detection TechniqueDetection Technique

AttenuatorAttenuatorSlitsSlits

MultiMulti--pinholespinholes
devicedevice

SlitsSlits

II0101

2 < T < 2 < T < 600600 KK

SuperconductingSuperconducting
electro magnetelectro magnet



UndulatorUndulator

17 Tesla magnet17 Tesla magnet



•• Ni magnetic moments:Ni magnetic moments:
µµSS

3d3d=0.35 =0.35 µµBB/atom /atom 
µµLL

3d3d=0.038 =0.038 µµBB/atom/atom
µµLL

3d3d/ / µµSS
3d3d == 0.110.11

•• Pt Pt iinducednduced magnetic moments:magnetic moments:
µµSS

5d5d=0.14 =0.14 µµBB/atom/atom
µµLL

5d5d=0.03=0.03µµBB/atom/atom
µµLL

5d5d/ / µµSS
PtPt = 0.21= 0.21

11.55 11.60 13.25 13.30
0.0

0.5

1.0

1.5 Pt L2

L3

 µ (+)
 µ (-)N

or
m

. X
A

S 
(a

.u
.)

Photon Energy (keV)

-0.04

-0.02

0.00

0.02

0.04

XM
C

D
 (a.u.)

 

 xmcd

 

840 860 880 900
-4

-2

0

2

4 Ni

 µ (+)
 µ (-)

Photon Energy (eV)

L2

L3

N
or

m
. X

AS
 (a

.u
.)

-1.0

-0.5

0.0

0.5

1.0

1.5

 XMCD

XM
C

D
 (a.u.)

 

NiNi22 / Pt/ Pt22 multilayermultilayer

T ~ 10K
H = ± 5 T

11.55 11.60 13.25 13.30
0.0

0.5

1.0

1.5 Pt L2

L3

 µ (+)
 µ (-)N

or
m

. X
A

S 
(a

.u
.)

Photon Energy (keV)

-0.04

-0.02

0.00

0.02

0.04

XM
C

D
 (a.u.)

 

 xmcd

 

Ni

Ni

Ni

Pt

Pt

Pt

F. Wilhelm et al., Phys. Rev. Lett., 85, 413 (2000)

hybridization the Pt(5hybridization the Pt(5dd))--Ni(3Ni(3dd))
Moscow International Symposium on Magnetism 2008courtesy to A.Rogalev
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Dimensionality might break even the well-established
atomic rules (third Hund’s rule)
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Co atoms on Pt  Co atoms on Pt  

Magnetization  of a Magnetization  of a 
monatomic wire array monatomic wire array 
recorded at the  Co Lrecorded at the  Co L33
edge along the easy edge along the easy 

direction (filled squares)  direction (filled squares)  
and at 80o away from the and at 80o away from the 

easy direction (open easy direction (open 
circles) circles) 

P. Gambardella et al.,P. Gambardella et al., Nature 416, 301 (2002)Nature 416, 301 (2002)
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XANES (left scale) and XMCD (right scale) spectra and correspondXANES (left scale) and XMCD (right scale) spectra and corresponded elemented element--selective selective 
hysteresis loop (inset) recorded at the Co L3 edge for TiO2:Co(8hysteresis loop (inset) recorded at the Co L3 edge for TiO2:Co(8%) thin film%) thin film

[experiment has been done at the ESRF (France)][experiment has been done at the ESRF (France)]
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A. F. Orlov, et. al, Physics of the Solid State, 53 (3), pp. 482-484 (2011)
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(orthogonal)(orthogonal)

from synchrotronfrom synchrotron total fluorescencetotal fluorescence

XLD is the difference in absorption of two orthogonal polarizatiXLD is the difference in absorption of two orthogonal polarizationsons
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