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Part II/1:  

Studies on Magnetic Nanostructures  

by André Philippi-Kobs (AP)  

[15.5.] Ferromagnetism in a Nutshell  

• Introduction to Magnetic Materials  

• Magnetic Phenomena 

• Magnetic Free Energy 

• Perpendicular Magnetic Anisotropy 

• Magnetic Domains and Domain Walls  

 

[17.5.] Interaction of Polarized Photons  

           with Ferromagnetic Materials  

• Charge and Spin X-ray Scattering by a Single Electron 

• Absorption and Resonant Scattering of Ferromagnets 

(Semi-Classical and Quantum-Mechanical Concepts)  

 

Outline 
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2.) Interaction of polarized photons with matter 

 - Recap: Interaction of X-rays with Matter 

 - Recap: Charge and Spin X-ray Scattering by a single electron 

 - Recap: Classical concept of Resonant Absorption  

  & Scattering (forced oscillator) 

 - Resonant Absorption and Scattering (QM concept, Fermi’s Golden rule)  

 - Interactions of photons with ferromagnetic materials  XMCD effect 

Interaction of polarized photons with matter 
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> Recap: Interaction of X-rays with matter (consider also light’s polarization 𝛆)  

𝑛(𝜔, 𝛆) = 1 − 𝛿(𝜔, 𝛆) + 𝑖 𝛽(𝜔, 𝛆) Refractive index (classical refraction theory) 

Atomic scattering factor (scattering theory) 𝑓 𝐪, 𝜔, 𝛆 = 𝑓0 𝐪 + 𝑓′ 𝜔, 𝛆 − 𝑖𝑓′′(𝜔, 𝛆) 

Atomic form factor  

~ Z for forward scattering (or soft X-rays)  

Anomalous scattering factors  

(electrons are bound in a solid 

 “resonances” at atomic transitions) 

𝛿 𝜔, 𝛆 =
𝑟0λ2

2𝜋
𝜌 (𝑍 + 𝑓′ 𝜔, 𝛆 ) 

𝛽 𝜔, 𝛆 =
𝑟0λ2

2𝜋
𝜌 𝑓′′(𝜔, 𝛆) 

1 −  𝑛(𝜔, 𝛆) =
𝑟0λ2

2𝜋
𝜌𝑓 𝜔, 𝛆  

- Equivalence between scattering and refraction picture (lecture 4) 

Interaction of polarized photons with matter 

Atomic density 
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Interaction of polarized photons with matter 
> Polarization 𝛆 dependent effects in transmission geometry 

• The dependence of 𝛿 on 𝛆 is called  

     birefringence (Doppelbrechung)  

• The dependence of 𝛽 on 𝛆 is called Dicroism (Zweifarbigkeit) 

 - X-ray Natural (charge) linear dicroism (XNLD) 

 - X-ray Natural (charge) circular dicroism (XNCD) 

 - X-ray magnetic linear dicroism (XMLD) 

 - X-ray magnetic circular dicroism (XMCD) 

• The change of polarization 𝛆 is called optical rotation 

    (Faraday effect in case of magnetic materials)  
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Faraday (1845) and magneto-optical Kerr effect (MOKE) (1876):  

Polarization of visible light changes when transmitted/ reflected by a 

ferromagnetic material 

Interaction of polarized photons with matter 
> History of the interaction between light and ferromagnets 

 Magnetic hysteresis 
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XMCD effect:  

 

Erskine and Stern (1975): 

First theoretical formulation of XMCD  

for the excitation from a core to 

valence state for the M2,3 edge of Ni 

 

G. Schütz et al. (1987):  

First experimental demonstration of 

the XMCD effect at the K-edge of Fe 

at DORIS at DESY 

 

 

Interaction of polarized photons with matter 
> History of the interaction between light and ferromagnets 

May 2018: 765 citations! 
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> Scattering of X-rays by a single electron (also consider spin of electron  

magnetic XRD) 

Incoming plane wave  

Spin of electron precesses around magnetic field 

according to 

With definition of magnetic moment 

Electric dipole moment (charge movement) oscillates along E 

Magnet dipole moment (spin movement) oscillates in the direction perpendicular 

to B and s (initial spin direction) 

g-factor 

Interaction of polarized photons with matter 

(t) 
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> Scattering by a single electron (also consider Spin of electron) 

Electric fields radiated by  

 

- electric dipole (Jackson text book): 

 

 

 

 

 

 

 

 
- magnetic dipole (Jackson text book):  

Charge scattering   

- Phase shift of 𝜋 

- Conservation of  

     polarization 

Magnetic (Spin) scattering 

- Phase shift of 
𝜋

2
 

- Rotation of polarization 

- Amplitude ‘reduced’ 

     by factor * 

 

Interaction of polarized photons with matter 
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> Scattering by a single electron (also consider Spin of electron) 

Polarization dependent scattering lengths: 

Differential scattering cross-section:  

Total cross-section:  

𝐸 = 10 keV  
𝜎𝑠

𝜎𝑒
= 0.0004 Only weak spin-scattering signal 

Interaction of polarized photons with matter 

Remember: Polariazion factor P = sinθ (lecture 2) 
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 > Scattering by a single electron (also consider Spin of electron) 

Example: magnetic XRD of antiferromagnetic NiO 

Interaction of polarized photons with matter 
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Interaction of polarized photons with matter 

 

Picture: Electrons are bound to atoms  

             Forced oscillator model with resonances ωs and damping 𝛤 to describe 

   equation of motion of electrons 

> Recap from lecture 8: Absorption and Resonant Scattering (classical concept) 

(scattering cross-section) 
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 > Recap from lecture 8: Absorption and Resonant Scattering (classical concept) 

Measure absorption cross-section in experiment  

(optical theorem 

2𝑘𝛽 = 𝜇 =  𝜌𝜎a) 

Use Kramers-Kronig relations to obtain f‘ 

Interaction of polarized photons with matter 
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Interaction of polarized photons with matter 

> Absorption & Resonant scattering (qm concept, Fermi’s Golden rule)  

Motivation: Understand polarization dependent 2p  3d transition in ferromagnets, 

     i.e., XMCD effect 

Fe 
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> Absorption & Resonant scattering (qm concept, Fermi’s Golden rule)  

- Time-dependent pertubation theory (up to second order) = „Fermi’s Golden rule”  

𝑇𝑖𝑓:      transition rate from state 𝑖 to 𝑓; [𝑇𝑖𝑓] = s−1; 

            𝑖 and 𝑓 are initial and final states of the  

           combined electron and photon system 

𝜌 𝜀𝑓 : density of final states 

𝜀𝑛:      energy of all possible intermediate states 𝑛 

- Total cross-section given by  

Incident photon flux 

Interaction of polarized photons with matter 
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- Interaction Hamiltonian 

  (derivation again via force on “atom in electric and magnetic field“)  

p: momentum of electrons 

A: vector potential 

- Time-dependent pertubation theory (up to second order) 

> Absorption & Resonant scattering (qm concept, Fermi’s Golden rule)  

Interaction of polarized photons with matter 

𝑒

𝑚𝑒
𝐩 ∙ 𝐀 +

𝑒²𝐀²

2𝑚𝑒
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> Absorption & Resonant scattering (qm concept, Fermi’s Golden rule)  

Interaction of polarized photons with matter 

- Interaction Hamiltonian 

  (derivation again via force on “atom in electric and magnetic field“)  

p: momentum of electrons 

A: vector potential 

- Time-dependent pertubation theory (up to second order) 

𝑒

𝑚𝑒
𝐩 ∙ 𝐀 
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Dipole-Approximation 

Matrix elements for atomic transitions between states a and b 

Interaction of polarized photons with matter 

> Absorption & Resonant scattering (qm concept, Fermi’s Golden rule)  
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Reformulation of Matrix-elements 

Matrix elements for atomic transitions between states a and b 

Absorption cross-section in dipole approximation 

> Absorption & Resonant scattering (qm concept, Fermi’s Golden rule)  

Interaction of polarized photons with matter 
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Polarization dependent Dipole Operator 

Electron position vector or length operator  

Linear polarized light 

Interaction of polarized photons with matter 

> Absorption & Resonant scattering (qm concept, Fermi’s Golden rule)  

𝑃 =  𝝐 ∙ 𝒓 
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Polarization dependent Dipole Operator 

Circular polarized light 

Definition of Helicity  

(photon angular momentum or spin Lph,z || z): 

“+”: q = +1 right circularly polarized light (RCP) 

“-”:  q = -1 left circularly polarized light (LCP) 

(“0”:  q = 0 lin. pol. Light) 

 

 

Image!! 

Interaction of polarized photons with matter 

> Absorption & Resonant scattering (qm concept, Fermi’s Golden rule)  

|Lph,z| = ± q h 

𝑃 =  𝝐 ∙ 𝒓 
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 Polarization dependent Dipole Operator for circularly polarized light: 

Interaction of polarized photons with matter 

> Absorption & Resonant scattering (qm concept, Fermi’s Golden rule)  
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 Transition-Matrix-Elements with atomic wave functions (non-relativistic approx.) 

> Absorption (qm concept, Fermi’s Golden rule)  

Interaction of polarized photons with matter 

: 
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Non-vanishing matrix elements (use in today‘s excercise) 

Lin. pol 

RCP 

LCP 

> Absorption (qm concept, Fermi’s Golden rule)  

Interaction of polarized photons with matter 

Table 1 
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> Absorption (qm concept, Fermi’s Golden rule)  

Interaction of polarized photons with matter 

Dipole selection rules (for states of the form  
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Interaction of polarized photons with matter 

> Absorption & Resonant scattering (qm concept, Fermi’s Golden rule)  

Motivation: Understand polarization dependent 2p  3d transition in ferromagnets, 

     i.e., XMCD effect 

Fe 
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Atomic core shell states are split due to spin-orbit split interaction (use in next lecture) 

 Clebsch-Gordon coefficients C 

> Absorption (qm concept, Fermi’s Golden rule)  

Interaction of polarized photons with matter 

Table 2 
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Interaction of polarized photons with matter 

> Absorption & Resonant scattering (qm concept, Fermi’s Golden rule)  

Motivation: Understand polarization dependent 2p  3d transition in ferromagnets, 

     i.e., XMCD effect 

Fe 
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Itinerant d-states are split due to crystal field  

(can be neglected to a good approximation as splitting is small  

 use atomic wave functions without SOC; next lecture) 

> Absorption (qm concept, Fermi’s Golden rule)  

Interaction of polarized photons with matter 


