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Interaction of X-rays
with matter

A. Rogalev

European Synchrotron Radiation Facility (ESRF), Grenoble, France
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“That there are known knowns – there are things we know that we know”

“There are known unknowns – that is to say there are things we now 
know we don‟t know”

“But there are also unknown unknowns – there are things we do not know 
we don‟t know.”
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It is easy to show that
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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.
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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
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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
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How-to  book  gave  step-by-step  instructions  on  making  radiographs, 

and  included  forms  for  ordering  the  equipment  described.

Refractive index of all materials is close to 1
All materials absorb X-rays
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The refractive index of a material in the x-ray range

n = 1-δ+iβ or  n = 1 - Nat (f1 - if2)  

BUT

1/n ≠ v/c

The great challenge for X-ray optics !!!

r0λ
2

2π
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Snell’s law: n1cos(q1) = n2cos(q2)

X-rays versus Light

n1=1 n1=1

n2>1 n2<1

visible light X-rays

vacuum

matter

Courtesy of A. Snigirev
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R = 300m

Refractive optics after ~15 years development

standard tool at SR beamlines worldwide. 

~ 50% of ESRF beamlines use refractive lenses

the most versatile and adaptable X-ray optics

• energy range -from a few keV to hundreds of keV

• focal length -from a few millimeters to tens of meters 

• focal spot -from tens of nanometers to tens of microns

• microradian collimation

• high stability and low cost

applications: microdiffraction, microfluorescence and imaging,

standing wave microscopy etc.

The first AL CRL

Si parabolic lens

Courtesy of A. Snigirev
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X-ray absorption spectrum reflects 
local electronic and atomic structure of a material 
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X-ray Absorption Cross-section

In the x-ray regime, the magnetic part of the electromagnetic field can be neglected
the operator Ô is reduced to its electric part (multipolar expansion of this electric field)

Dipole-Dipole E1.E1 Contribution

E1 E2

Dipole-Quadrupole E1.E2 Contribution

Quadrupole-Quadrupole E2.E2 Contribution
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This rank-2 tensor is fully symmetric and reflects anisotropy 
of the electronic structure of absorbing atom: 
linear birefringence and linear dichroism effects.

In the presence of an external magnetic field or spontaneous 
magnetic order, it has an antisymmetric part that is responsible 
for the Faraday effect and the magnetic circular dichroism. 

Further terms in the symmetric part are quadratic in the 
magnetization and describe the Cotton–Mouton effect and 
the magnetic linear dichroism.
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This rank-4 tensor may give rise to an optical anisotropy in
cubic crystals.

In the presence of an external magnetic field or spontaneous 
magnetic order, it is also giving rise to linear magneto-optical 
effects: the Faraday effect and the magnetic circular dichroism. 
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This rank-3 tensor is fully asymmetric and in the absence of 
any external magnetic field or spontaneous magnetic order describes 
effects related to natural optical activity: 
circular birefringence and circular dichroism effects.

In the presence of an external magnetic field or spontaneous 
magnetic order, it is responsible for non-reciprocal or directional 
optical effects: x-ray non-reciprocal linear dichroism and 
magnetochiral dichroism. 
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Polarization dependent X-ray absorption spectroscopy
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X-ray dichroism is difference in X-ray absorption between

two orthogonal polarizations of incoming beam

Quantity to measure:   =  + -  - (CD) ;     = ║ - ┴ (LD)
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ESRF Beamline ID12

T > 5 K

Fixed exit
Double Crystal 
Monochromator

I01
Si (111)1 2

HFM-HDM
VFM2.0 - 15 keV

Undulator

sources

35 elements SDD

AttenuatorSlits

Multi-pinholes

device

Slits

I02

Slits

T > 10K   H ~ 0.5 T(1Hz)

Reflecto/diffractometer

XRMS

qB<18º

If

H < 6 Tesla

If
1-8

I04

QWP
generated by a set of

permanent magnets

XNCD/XNLD

XMCD on

nanostructures

XMCD on soft

magnetic materials Microwave pump

XDMR

If
IR

T > 20K   H < 0.9 T

If

H < 0.7 T (1Hz)

T > 10 K

T > 2.2 K

If

H < 17Tesla

High field XMCD
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Strongly absorbing (single crystals) or nearly transparent (thin films) samples
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Transmission experiments is hardly possible

U M4,5-edges

U metal
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 edges
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• Well suitable for single crystals, thin films, etc.

• Probing the bulk properties 

• Does not depend on the magnetic field

Total Fluorescence Yield Detection Mode

Self-absorption corrections are needed
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ID12 straight section
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Period 38 mm 52 mm 80 mm 
N 42 31 20 

Min. Gap 16.2 5.7 16.2 
Bz max 0.483 T 0.493 T 0.194 T 
Bx max 0.3 T 0.367 T 0.177 T 
K 
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Wide energy range at the ID12 beamline

K - edge 

L - edges

M - edges

2.05 keV - 15 keV
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Polarisation transfer  by  monochromator
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polarization induced by a diffracting crystal:

Transmission profile of a diamond QWP

at 7.2 keV

Very powerful tool for X-ray linear (natural or magnetic) dichroism experiments.
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ESRF Beamline ID12

T > 5 K

Fixed exit
Double Crystal 
Monochromator

I01
Si (111)1 2

HFM-HDM
VFM2.0 - 15 keV

Undulator

sources

35 elements SDD

AttenuatorSlits

Multi-pinholes

device
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I02

Slits

T > 10K   H ~ 0.5 T(1Hz)

Reflecto/diffractometer

XRMS

qB<18º

If

H < 6 Tesla

If
1-8

I04

QWP
generated by a set of

permanent magnets

XNCD/XNLD

XMCD on

nanostructures
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If
IR

T > 20K   H < 0.9 T

If
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T > 10 K

T > 2.2 K

If
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Reflectometer/Diffractometer

X-rays

photodiodes

• 0.001° precision
•Incident beam vertical size: ~ 100m 

•Entrance slits: 40 m
• UHV

• Temperature from (20K to 300K)

X-rays

Performances

Simultaneous measurements of reflected intensity and Fluorescence Yield

q

q

Magnetic field of 0.5 Tesla generated by one magnetic period of Helios-I
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Magnetic reflectivity from thin layers
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From the analysis of Kiessig fringes one gets unique information 
about properties at the interfaces (magnetic incl.)
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Experimental station for X-ray Natural
Linear and Circular Dichroisms

X-ray Linear Dichroism: 

<E1.E1> transitions and <E2.E2> transitions

Brouder Ch., J. Phys.: Condensed Matter 2 (1990), 701-738

X-ray Natural Circular Dichroism:

<E1.E2> transitions

For <E1.E1> transitions and sample without symmetry

Natoli C.R. et al, Eur.Phys.J.  B4 (1998), 1-11

Backscattering detection geometry is the most convenient:
sample can be rotated either around an axis parallel to the 

X-ray wavevector  or perpendicular to the beam direction ( q ) 
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X-ray magnetic circular dichroism on 
nanomaterials

Windowless chamber

Cryogenically cooled: T = 150 K

High solid angle: ~ 350 mm2 @ 20 cm

High counting rate: > 105 cps/channel

Adapted now for XMCD experiments: T > 4.2 K; external magnetic field H < 6 T
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XMCD  at the Pt  LII-III Edges

Useful counting rate : 20 kcps per channel

Concentration < 1013 atoms/cm2

Average particle diameter :  6 nm

Typical example of an XMCD experiment
Pt magnetism in monodispersed Fe70Pt30 nanoparticles deposited on a Si wafer

Sample has been provided by M. Spasova, M. Farle 

(Univ. Duisburg, Germany)
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Experimental Set-Up for X-ray Detection of Magnetic 
Resonance

I0

IF
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Towards very high magnetic fields

Solenoid magnet built by Cryogenic Ltd:
Hmax = 17 T;  Sweep rate = 2 T/min

Amagnetic cryostat 2.3 K < T < 300 K
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Very first experimental results:
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X-ray Linear Dichroism
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Homogeneous Incorporation of Mn from 0.04 up to max. 6.3 at.%

GaN:Mn diluted magnetic semiconductor 
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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What do we need to know more ?

2. What is the site of Mn atoms ?

 Ga or N substitution 

 Interstitial

 Substitution and interstitial

3. What is the valence state of Mn atoms?

4. Is it really a diluted magnetic semiconductor or 

ferromagnetic compound diluted in semiconductor ? 

1. How are Mn 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
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X-ray Linear Dichroism (XLD) Results

 Mn atoms are Ga substituted 
 No secondary parasitic or clusters phases

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

6.3% 

Mn

supercell  
Ga15Mn1N16
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 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%
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X-ray Magnetic Circular Dichroism
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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. 

Zeitschrift fur Physik, 39, 886-900 (1926)

On a question about the magnetic 
rotation of plane polarised primary X-rays
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BASICS  OF   XMCD
The first serious approach to the problem

Two-step model
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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%

TWO STEP MODEL OF XMCD
Absorption of a right circularly polarized photon

LIII-edge (2p3/2) LII-edge (2p1/2)

Excited photoelectrons are spin polarized
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TWO STEP MODEL OF XMCD
Exchange splitting of the valence band is driving the second step

XMCD is the direct probe of unoccupied spin up and spin-down density of states
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First experimental evidence of XMCD

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

Spin sum rule
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(+,-) => Absorption cross-sections for CP X-rays with (+ / -) helicity 
or with helicity parallel /antiparallel to the sample magnetization

Quantity to measure:  =  + -  -

Two ways to record XMCD spectra:

 to reverse the helicity or magnetization after each scan

 to flip the helicity at each energy point of the scan

Uranium X-ray absorption edges:

MV-edge (3d5/2 -> 5f5/2,7/2)               MIV-edge (3d3/2 -> 5f5/2)

3.552 keV                                           3.728 keV

LIII-edge (2p3/2 -> 6d3/2,5/2)              LII-edge (2p1/2 -> 6d3/2)

17.166 keV                                         20.948 keV
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<Lz> = nh(IM5+ IM4)/(IM5+IM4) = μL

2<Sz
eff> = 2<Sz>+ 6<Tz> = nh(2 IM5 - 3 IM4)/(IM5+IM4) = μS (if Tz  0)

<Lz>/<Sz
eff> = 2(IM5+ IM4)/(2 IM5 - 3 IM4)  is independent of nh

Application of the sum rules

<l.s > = -3/4nh(2IM5-3IM4)/(IM5+IM4) + δ
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Application of the sum rules

<Sz
eff> = <Sz> + 3 <Tz>

In the case of 5f-electrons:    <Tz>  0

In the intermediate spin-orbit coupling scheme (for free ions):

•  for 5f 2

•  for 5f 3

RT = <TZ> / <SZ> = 1.15

RT = <TZ> / <SZ> = 0.57

Possibility to estimate <TZ> via combination 

of XMCD, Neutron and Compton scattering 

with SQUID measurements

There are no any direct measurements of this term (so far !!!)

<Tz> is a measure of a spin moment anisotropy

induced either by a charge quadrupole moment or by the spin-orbit interaction
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UFe2

strong spin-orbit coupling in the 5f states => orbital moment

third Hund’s rule:

5f spin and orbital moments are of opposite sign

fcc Laves phase with a0=7.058

ferromagnet with Curie temperature Tc = 160 K

total magnetic moment 1.09 B/ formula unit

Polarized neutron scattering experiments:

a total U 5f moment < 0.01 B

with L ~ -S ~ 0.23 B

M. Wulff, G. H. Lander, B. Lebech, and  A. Delapalme, Phys. Rev. B 39, 4719 (1989).
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 L (  B )  S ( B ) -   L /  S

X M C D 0 . 2 1  0 . 0 2 - 0 . 2 0  0 . 0 2 0 . 9 7  0 . 0 5

N e u t r o n 0 . 2 3  0 . 0 1 - 0 . 2 2  0 . 0 2 1 . 0 5  0 . 0 5

T h e o r y 0 . 4 7 - 0 . 5 8 0 . 8 1

polycrystalline sample      Tc = 160 K      TOTAL =  1.16 B
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,Ir2

,Ir1

• UIrAl (μTOT = 0.98 μB) TC=64K

• UPtAl  (μTOT = 1.38 μB) TC=43K

Both are ferromagnets

A.V. Andreev, J. Alloys Compd. 336, 77 (2001)

UTX ternary compounds
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XMCD at the Ir L2,3-edges in UIrAl
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 Strong XMCD at the L3-edge

 Small XMCD at the L2-edge

 Large Ir 5d orbital moment  

aligned parallel to the spin

2p1/2 → 5d 3/2
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Analysis combining VSM magnetometry and 

XMCD

VSM Data:  Mtotal = 0.98B   at 6 Tesla and 4.2K

•  MIr(5d)= 0.076 B /Ir atom   (sum over two Ir sites)

• MU(5f )= 0.92 B /U atom for nf=2 (U4+)

• MU(5f )= 0.62 B /U atom for nf=3 (U3+)

Mtotal= MU + MIr = 0.996 B

Al and U(6d) contributions are neglected
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Ir L2,3-edges XMCD:  UIrAl versus Fe/Ir

XMCD  different spectral shape  !!

XANES  small charge transfer 

Fe/Ir         L /S ~0.10

UIrAl       L /S ~0.60
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Induced magnetism on Ir 5d states

strong 5f(U)-5d(Ir) hybridization

U 5f

U 6d Band

Ir 5d

 (5f-6d)

 (5f-5d)

 (5d-6d)

Indirect exchange interaction

Ir orbital moment feels the strong U spin-orbit coupling

 Enhanced Ir orbital moment

L
U S

U L
IrS

IrH

direct exchange interaction
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Sensitivity of the XMCD technique
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Tc ~ 360 K

T = 10 K

H = 3 T

<Sz> = 0.0353(5)B <Lz>=0.0054(5)B (per Au atom)

To compare with 4.15B per Mn atom
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X-ray Natural Circular Dichroism
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Irreducible Parts of Optical Activity Tensor

J. Jerphagnon et D.S.Chemla J. Chem. Phys. 65, 1524 (1976)

Non-Centro- 

Symmetrical 

Crystal Classes 

 

Point Groups 

Pseudo-Scalar Polar Vector Pseudo-Deviator 

Enantio-

morphism 

E1.M1 

Voigt/Fedorov 

OA 

E1.M1+E1.E2 

XNCD 
 

   E1.M1+E1.E2 

43 6 2 6m m; ;   Td ; D3h ; C3h No No No 

432 23;  O ; T Yes No No 

622 32 422; ;   D6 ; D3 ; D4 Yes No Yes 

6 3 4mm m mm; ;   C6v ; C3v ; C4v No Yes No 

6 3 4; ;   C6 ; C3 ; C4 Yes Yes Yes 

42m  D2d No No Yes 

4  S4 No No Yes 

mm2  C2v No Yes Yes 

222  D2 Yes No Yes 

2  C2 Yes Yes Yes 

m  Cs No Yes Yes 

1 C1 Yes Yes Yes 
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a b

c
PowderCell 2.0

a b

c
PowderCell 2.0

P41212 P43212

Structure of α-Nickel Sulfate Hexahydrate

a-NiSO4·6H2O is a uniaxial crystal

with four formula units per unit cell that 

belongs to the enantiomorphpous

tetragonal space groups, P41212 or P43212. 

Four nearly perfect Ni(H2O)6
2+ octahedrons 

are identical, except for orientation, and 

are related through a screw axis which is 

parallel to the tetragonal axis of the crystal, 

i.e. crystallographic c axis or optical axis. 

The point group symmetry at each Ni2+ site 

is C2. Ni S O H
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XNCD spectra of α-NiSO4·6H2O crystals

Amplitude of the XNCD signal is nearly 1% with respect to the edge jump !
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Angular dependence of the XNCD signal

k || optical axis

k ┴ optical axis

This result confirms (3cos2 - 1) dependence of the E1.E2 XNCD signal.
To measure a weak scalar E1.M1 signal one has to perform angular scans 

in the vicinity of the magic angle  = 54.73o
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<E1.M1> contribution 
is as small as 3·10-5 and
is 60 times smaller than

<E1.E2> contribution

Kaniauskas J. et al., Liet. Phys. Rink. XIV(1974), 463 (in Russian)

Monoelectronic M1 transitions from 1s core levels are forbidden in non-relativistic approach 
BUT

they are allowed in the relativistic theory:

M1 transition selection rules are: l=0, 1, 2, j=1; except  s↔p transitions
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Ga1

Ga1

GaFeO3 is the mostly studied multiferroic

Orthorombic unit cell

a=8.72, b=9.37,c=5.07

C2v polar crystal class

Space group Pc21n

Polarization along b axis

Ferrimagnet with Tc  270 K

Easy magnetization along c 

Magnetic point group m’2’m

Anapole spin moment is estimated to be 24.155B Å per unit cell.

Yu. F. Popov, A. M. Kadomtseva, G. P. Vorob’ev et al JETP, 87 (1998), 146
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Irreducible Parts of Optical Activity Tensor

J. Jerphagnon et D.S.Chemla J. Chem. Phys. 65, 1524 (1976)

Non-Centro- 

Symmetrical 

Crystal Classes 

 

Point Groups 

Pseudo-Scalar Polar Vector Pseudo-Deviator 

Enantio-

morphism 

E1.M1 

Voigt/Fedorov 

OA 

E1.M1+E1.E2 

XNCD 
 

   E1.M1+E1.E2 

43 6 2 6m m; ;   Td ; D3h ; C3h No No No 

432 23;  O ; T Yes No No 

622 32 422; ;   D6 ; D3 ; D4 Yes No Yes 

6 3 4mm m mm; ;   C6v ; C3v ; C4v No Yes No 

6 3 4; ;   C6 ; C3 ; C4 Yes Yes Yes 

42m  D2d No No Yes 

4  S4 No No Yes 

mm2  C2v No Yes Yes 

222  D2 Yes No Yes 

2  C2 Yes Yes Yes 

m  Cs No Yes Yes 

1 C1 Yes Yes Yes 
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X-ray Natural Circular Dichroism in GaFeO3

NCD 
  

Only two interference terms contribute to the dichroic signal :

   i r f f k L gs i       i r f f rk r i     

E1.M1

Origin of OA in the visible

Very small in the X-ray range

E1.E2

only for anisotropic systems

Sizeable in the X-ray range

Space group Pc21n (class mm2)  <=>  Non-enantiomorphous crystal

No optical activity along c axis

NCD  Pc sin2Θ sin 2φ

C.R. Natoli , C. Brouder, Ph. Sainctavit, J. Goulon, C. Goulon-Ginet, A. Rogalev, Eur. Phys. J., B4 (1998) , 1-11
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X-ray Natural Circular Dichroism in GaFeO3
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P. Carra , A. Jerez  &  I. Mari - Phys. Rev. B67 45111 (2003)
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Radial integrals to be calculated numerically
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XNCD Sum Rule

Can we quantify Optical Activity of an atom with X-rays ? 
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Multipole moments
distribution of charges

distribution of currents

All these multipole moments conserve parity
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Picture of a parity-odd atom
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the lowest order parity-odd magnetic multipole distribution of a current
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+ =

dipole current anapole current helico-toroidal current

Coexistence of dipole and anapole moments violates parity

Anapole Moment 
link together Chirality & Magnetism  
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