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A compass needle aligning itself 
with the earth’s magnetism is an 
example of magnetic interaction.

Compass was invented in China ~ 
2200 years ago, and first used in 
navigation ~1000 years ago. 

Wikipedia



A compass needle aligning itself 
with the earth’s magnetism is an 
example of magnetic interaction.

Compass was invented in China ~ 
2200 years ago, and first used in 
navigation ~1000 years ago. 





J. T. Heron et al. Nature, 2014



Where is magnetism coming from microscopically?



So far we have been talking about 

wavefunction or state for one electron.

What happen if we have multiple 

electrons?
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How to probe partially a filled 

shell of an element?



Atomic spin-orbit coupling

Band formation

• Each element may have multiple core levels.

• The core level may split due to spin-orbit coupling

Element Selectivity



Transition Probability

Energy Conservation

Density of States

Integrate over the empty states in

Electron position:

Obviously, it depends on the electric field direction.



Dipolar operator:

Electric field unit vectors of linearly polarized light:

Electric field unit vectors of circularly polarized light:

For example:

(Photon angular momentum equal to1.)



For example:

Transition Probability: It depends on spin, orbital, and the x-ray polarization!

for photon



Transition Probability: It depends on spin, orbital, and the x-ray polarization!

for photon



L3 L2Co





The charge sum rule:





• The intensity depends on x-ray polarization.

• This dependence is opposite between L3 and L2.



Defining the difference:



J. T. Heron et al. Nature, 2014



• The same core state can 

transit to all d-states but 

through different 

polarization and with 

different probabilities. 

• The same d-state can be 

reached by all 

polarizations but from 

different core states.

• The opposite polarizations 

are favored between L3 and 

L2.

Fundamentally, XMCD requires SOC in the core level or the valence 

state or both.
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Unequal populations occur when the moments pick a specific axis.



• Orbitals have anisotropic shapes.

• The transition probability of a particular orbital depends on whether the 

polarization is along its principle axis.

• For equally populated orbitals,  



Powerful in studying antiferromagnetic spintronics

X. Marti et al. Nature Materials, 2014







Summary:

• XMCD and XMLD exploits advantages of XAS

• Provide sensitivity to the spin and orbital degrees of 

freedom

• Particularly suitable for complex magnetic materials and 

structures

• Can be used to probe different magnetic orders

• Relatively easy to implement magnetic field

• Compatible with imaging techniques


