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X-ray Magnetic Circular Dichroism

Theoretical prediction 1975 Experimental demonstration 1987

Calculation of the M23magneto-optical absorption 
spectrum of ferromagnetic nickel, Erskine & Stern
Phys. Rev. B 12, 5016 (1975) 

Absorption of circularly polarized x rays in iron 
Schütz et al., Phys. Rev. Lett. 58, 737 (1987). 

Absorption of Circularly polarized x-ray by
magnetic materials (magnetic atoms)

Advantages :

1.   Element specific magnetic properties

2.   Determination of spin and orbital moments separately

3.   Very high sensitivity.
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Case – I: Change in photon helicity with fixed magnetic field direction 
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Case – II: Fixed photon helicity with change in magnetic field direction 
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Requirements :

 Tunable Circularly Polarized X-Ray Synchrotron Radiation Sources

1.   Out of plane radiation from bending magnet
2.   Insertion devices like ‘Undulators’ or

‘Wigglers’
3.   Quarter wave plates
4.   Graded multilayers

X-Ray Optics Spectroscopy Magnetism

 Ultra-high vacuum (UHV) compatible x-ray Optics

 UHV Experimental chamber with magnet 

 Spectroscopic detection tools



Synchrotron 

Storage Ring

Insertion Device

Storage Ring





MCD BeamlineMCD Beamline

(30 – 1500 – 4000 eV)



Interaction of photons with electrons

B
Electron Spin

Orbital Moment

Weak

High photon flux

Non-resonant magnetic x-ray scattering

E Orbital moment of electron Spin-Orbit coupling

Spin of the electron

Electric dipole transition
Strong

High photon flux is not necessary
Absorption of x-ray

X-ray absorption intensity (I) Electric dipole matrix elements

Selection rules



Selection rules

Δl =  1     & Δml = 0,   1 

Δl = +1 Transitions   s p,    p d,    d f

Δl = –1 Transitions   p s,    d p,    f d

Δml = 0 Linearly polarized lightΔml = 0

Δml =  1

Linearly polarized light

Circularly polarized light

Since electric dipole operator does not act on spin, the allowed transition have same s & ms

Δs = 0    &   Δms = 0 No spin flip

MCD is the difference in the absorption of x-ray of two opposite helicities.



Relevant absorption edges for XMCD



2p  4d
L3

L2

Rh XMCD

3p  4d

M2

M3

Magnetic properties of Co/Rh .001. multilayers studied by x-ray magnetic-circular dichroism
M. A. Tomaz el al., Phys. Rev. B 58, 11493 (1998)



X-ray absorption intensity per atom I

I = 2m (Ef - Ei)
2   | <f |ê . r | i > |2

Where ê is the electric field unit vector

h2 h

e = -1/2 (ex + i ey)   Photon spin points to propagation direction

Right circularly polarized light: 

I =   m   (Ef - Ei)
2   | <f | x  iy | i > |2

P 1 Y1 
1h2 h

Left circularly polarized light:

e = -1/2 (ex - i ey)   Photon spin opposite to propagation direction

r is the electron position vector



The polarization dependent dipole operators ( P 1) can be expressed in terms of
Racah’s spherical tensors Cl

ml , with l = 1 and ml =  1.

Right circular polarization  P+1 =  1/2 (x + iy) = rC1
1 = r (4/3) Y1

1

Left circular polarization  P1 =  1/2 (x  iy) = rC1 
1 = r (4/3) Y1

1





Lets consider a d9 configuration where in exchange split d band all spin up 
states are filled and one hole in spin down state.

Here for a p d transition  l  l + 1

T < n', l+1, ml +1  P+1  n, l, ml >

= – R                (1) 

and T <n', l+1, ml -1  P-1  n, l, ml >

1)(2l 3)2(2l

1) (l 2)  (l mm ll





T < l  -1  l >

= – R                  (2) 

Where R = ∫ R*
nl (r) R n'l' (r) r

3 dr

Eq (1) and (2)  The change in photon spin (P+1  P-1) keeping the 
magnetization direction fixed is equivalent to change in magnetization 
direction ml  m –l keeping the photon spin fixed, i.e , 

< n', l+1, -ml +1  P+1  n, l, -ml >  = < n', l+1, ml-1  P-1  n, l, ml > 

1)(2l 3)2(2l

1) -(l 2) -(l mm ll







Case – I: Change in photon helicity with fixed magnetic field direction 
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Case – II: Fixed photon helicity with change in magnetic field direction 
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For L3 edge i.e, p3/2  d .

=  | T | 2 = 1/3  R2  

i,f

and       =  | T | 2  = 5/9  R2

i,f

 =     – = –2/9 R2

For L2 edge i.e, p1/2  d .

=  | T | 2 = 1/3  R2

i,f

IL3



IL3



IL2



IL3
IL3


IL3



i,f

and         =  | T | 2 = 1/9  R2

i,f

 =       – = 2/9 R2

The dichroism signal at L3 and L2 edges are identical but opposite in sign

At L3 edge , left circularly polarized light (spin down photons) excites more 

spin down electrons than right circularly polarized light (spin up).

At L2 edge, spin up photon excite more spin down electrons. 

IL2



IL2 IL2

 IL2
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MCD Measurement Two step process

Step 1 Source (electrons)

(a) Right or left circularly polarized light transfer their angular momentum ħ or – ħ
to the excited photoelectron.

(b) If the core level is spin-orbit split (l  s) then the angular momentum of the
photon gets coupled to electron spin through S-O coupling.

Since left and right circularly polarized light transfer opposite angular momentum 
to electrons hence electrons with mostly opposite spins are excited for to helicitiesto electrons hence electrons with mostly opposite spins are excited for to helicities

Step 2 Detection (polarization : spin or orbital)

(a)  When sample is magnetized then valence shell is split and there is an imbalance 
in spin up and spin down electrons. In this case two opposite spin polarized electrons 
are absorbed differently in valence shell Spin detector

(b)  If the valence shell has a net orbital moment i.e. the valence band density of empty 
states has an imbalance of angular momentum then a differential “detector” exists
for excited electrons with opposite angular momentum. Sensitivity to magnetization
in this case come from S-O coupling of valence shell.





Sum rules :

B. T. Thole, Paolo Carra, F. Sette, and G. van der Laan,
Phys. Rev. Lett., 68, 1943 (1992).

Paolo Carra, B. T. Thole, Massimo Altarelli, 
and Xindong Wang, Phys. Rev. Lett., 70, 694 (1993)



Estimation of spin and orbital magnetic moments can be done 
using the respective sum rules 

∫L3+L2 (I
 - I)d

∫L3+L2 (I
 +I)d

(10-n3d)4/3morbital =

mspin = 
6 ∫L3+L2 (I

 - I)d - 4 ∫L3+L2 (I
 - I)d

∫L3+L2 (I
 + I)d

7<Tz>

2< Sz>
x (10-n3d) (1- )-1

A- + B-A+ + B+

C-C+[( )]- ()
morbital = 4/3

C-C+

C-C+

[( )]-

[(
A+ + B+ A- + B-

)]+
(10 – n3d)

mspin = 

A+

x (10-n3d) (1+
7<Tz>

2< Sz>
)-1

[( A+ + B+

C+
+ A- + B-

C- )]

()

()

) (

[
C+ C-C-

A-
-- -6 ] )][(4 A+ + B+

C+

A- + B-

<Tz> = Magnetic dipole operator.
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Gd3Fe5O12

300K

Fe    Gd 

H

, J. Magn. Magn. Mater, 109, 109 (1992)

77K

Gd      Fe 

H





Magnetism of FCC Iron
MCD – Microscopic magnetic property

3.1 ML FCC-Fe

8 ML Co (100)

Magnetic

5.3 ML FCC-Fe

8 ML Co (100)

Almost

Non-Magnetic
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LaMn1-xAlxO3+
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For imagination

Element specific magnetic microscopy

INDUS-II

Future plans

Element specific magnetic ac-susceptibility

Element specific higher order magnetic susceptibility




