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Dipole approximation
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∂2σ
∂E ∂Ω ∝ k′ 

k0
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q4 ∑

F
|⟨I |e2πi ⃗q⋅ ⃗R |F⟩ |2 δ(EF − EI − ΔE)

∂2σ
∂E ∂Ω ∝ 1

q4 ∑
F

|⟨I | ⃗q ⋅ ⃗R |F⟩ |2 δ(EF − EI − ΔE)

Dipole selection rule. Usually OK. 
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Dipole approximation: link with XANES
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∂2σ
∂E ∂Ω ∝ 1

q4 ∑
F

|⟨I | ⃗q ⋅ ⃗R |F⟩ |2 δ(EF − EI − ΔE)

Equivalent to the dipole transition in XANES, with  polarisation vector⃗q < − > ⃗e

 Angular dependence of X-ray absorption spectra
C Brouder , Journal of Physics: Condensed Matter, Volume 2, Number 3, 1990
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© J. Stöhr,  
Stanford 

Magnetic circular dichroism
➢Prediciton: Erskine and Stern, PRB 12, (1975) 737 

➢Experimental verification (Fe K edge): Schütz et al., PRL 58, (1987) 737 

➢Breakthrough (Fe L edge): Chen et al. PRL 75, (1995) 152-155. 
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Magnetic circular dichroism
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Polarization vector in XANES   ≜   Momentum transfer q in ELNES

Matrix elements  of DFF in dipole approximation:

Non zero only for magnetic transitions
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Ni 100  
g=020; LCC=010

incident wave, s=0

n-beam case

Laue circle centre and thickness determine phase shift

Magnetic circular dichroism
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WIEN2k calc. XMCD 
➢EMCD (exposure 60 s, 200 nm): S. Rubino, TU Vienna 
➢Specimen and XMCD: E. Carlino et al., TASC, Elettra 
➢Calculation: P. Novak et al., Inst. of Physics, Prague

P. Schattschneider et al., 
Nature 441,486-488 
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6% Co 
Co

2006: Detector shift method 
Co [001] g= 1,0,0 LCC=1/2,0,0 
200 nm lateral resolution 
Optimized illumination 
60 s acquisition time 

Cobalt single crystal 

Magnetic circular dichroism
Thickness dependence



12

BCC Fe 10 nm 
300 kV 
10° from [100] 
020 spot (systematic row

Magnetic circular dichroism
Convergent beam? !
intensity - signal -SNR

signal to backgred is
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Cécile Hébert IPHYS-LSME

Inelastic scattering - III
Low loss spectroscopy
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Formalism
• Single electron description not applicable


• Medium described by the dielectric function


• Linear reaction of medium on the fast 
travelling charged particle


• Effect of boundaries (surfaces)


• Retardation effect (speed of electron versus 
speed of light)
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Formalism
Infinite medium; no retardation, linear response
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⃗∇ ⃗D( ⃗r, t) = ρf( ⃗r, t) divergence of electric displacement linked to density of free 
charge

ρf( ⃗r, t) = − eδ( ⃗r − ⃗vt)

FT[ ⃗∇ ⃗f ] = 2πi ⃗qFT[ ⃗f ]

2πi ⃗q ⋅ ⃗D( ⃗q, ω) = ρ̃ = − eδ(2π ⃗q ⋅ ⃗v − ω)

⃗D( ⃗q, ω) = ϵ0ϵ( ⃗q, ω) ⃗E ( ⃗q, ω) Response of medium to perturbation

velocity) be- free shop fast
lesz -- reaction of the medium
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Formalism
Infinite medium; no retardation
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⃗E ( ⃗r, t) = − ⃗∇ Φ( ⃗r, t) Electric field and potential

⃗E ( ⃗q, ω) = − 2πi ⃗qΦ( ⃗q, ω)

Φ( ⃗q, ω) = − eδ(2π ⃗q ⋅ ⃗v − ω)
4π2q2ϵ0ϵ( ⃗q, ω)

Electron travels along z direction, a distance dz=v.dt during dt

Stopping power  with dW work of electric force over distance dzSP = −dW
dz

↓ FT
13) fomia space
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Formalism
Infinite medium; no retardation
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SP = − e
∂Φ
∂z x=y=0,z=vt

Back to real space…

Φ( ⃗r, t) = ∫ ∫ − eδ(2π ⃗q ⋅ ⃗v − ω)
4π2q2ϵ0ϵ( ⃗q, ω) e2πi ⃗q ⃗r−iωtd3qdω ⃗q ⋅ ⃗v = vqz

SP = e2

4π2ϵ0 ∫ ∫ 2πiqz
δ(2πvqz − ω)

(q2⊥ + q2z )ϵ( ⃗q, ω) e2πi ⃗q ⃗r−iωtd3qdω
x=y=0,z=vt

integration over qz with delta function picks value of integrand (normalize by )2πv

Forc : -Fo CO Coulyovaydirchne

FT of(6) =zesg
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Formalism
Infinite medium; no retardation
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SP = e2i
8π3ϵ0v2 ∫q⊥

∫
+∞

ω=−∞

ω
(q2⊥ + ( ω

2πv )2)ϵ( ⃗q⊥, ω)
d2q⊥dω

 real therefore ϵ( ⃗r, t) ϵ(−ω) = ϵ*(ω)

SP = e2

4π3ϵ0v2 ∫q⊥
∫

+∞

ω=0

ω
(q2⊥ + ( ω

2πv )2)
ℑ −1

ϵ( ⃗q, ω) d2q⊥dω

ΔE = ℏω

to = 10+



Formalism
Infinite medium; no retardation
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SP = ∫ ∫ ΔE
∂P

∂q⊥∂ω
d2q⊥dω P: E-loss probability per unit path length

SP = ∫ ∫ nvΔE
∂σ

∂Ω∂ΔE
dΩdΔE

SP = e2

4π3ϵ0v2 ∫q⊥
∫

+∞

ω=0

ω
(q2⊥ + ( ω

2πv )2)
ℑ −1

ϵ( ⃗q, ω) d2q⊥dω

∂2σ
∂Ω∂ΔE

= e2

nvπh2ϵ0v2
1

θ2 + θ2
E

ℑ( −1
ϵ( ⃗q, ΔE) )number
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Formalism • Single electron description not applicable


• Medium described by the dielectric function


• Linear reaction of medium on the fast 
travelling charged particle


• Effect of boundaries (surfaces)


• Retardation effect (speed of electron versus 
speed of light)
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∂2σ
∂Ω∂ΔE

= e2

nvπh2ϵ0v2
1

θ2 + θ2
E

ℑ( −1
ϵ( ⃗q, ΔE) )

En + iEz



Formalism

30

∂2σ
∂Ω∂ΔE

= e2

nvπh2ϵ0v2
1

θ2 + θ2
E

ℑ( −1
ϵ( ⃗q, ΔE) ) ∂σ

∂ΔE
= e2

nvh2ϵ0v2 ln(1 + β2/θ2
E)ℑ( −1

ϵ( ⃗q, ΔE) )

SSD = ( e2

πh2ϵ0v2 )D
1

θ2 + θ2
E

ℑ( −1
ϵ( ⃗q, ΔE) )
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Experiment
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Free electron gaz: Jellium model


damped oscillator. 


Plasmon parabolic dispersion
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Experiment interpretation
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Jellium model: FEG modelled as a damped oscillator, with  damping constant.


natural frequency of damped oscillator can be calculated 


sharp resonance: peak at . Broad resonance, peak appears at lower energy


resonance for zero-crossing of   and small 


Γ

ωp = ne2/(ϵ0m)

ωp

ϵ1 ϵ2
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Experiment
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Experiment in Ag


structure 2 shows a nice dispersion 


other structures have a different 
behaviour


Simulation: TDDFT



