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X-ray Magnetic Circular Dichroism

-~ ™N

“ Theoretical prediction —»1975 “ “ Experimental demonstration —> 1987 “

. Calculation of the M,3 magneto-optical absorption Absorption of circularly polarized x rays in iron

spectrum of ferromagnetic nickel, Erskine & Stern Schiitz et al., Phys. Rev. Lett. 58, 737 (1987)
Phys. Rev. B 12, 5016 (1975) 2 ' ' — '

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

¢

1. Element specific magnetic properties

Advantages :

2. Determination of spin and orbital moments separately

3. Very high sensitivity.



Magneto-optical Kerr effect and Faraday effect
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Polarization and photon spin (b) Magnetization and electron spin
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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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XAS-MCD: x-ray absorption magnetic circular dichroism
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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

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

» UHV Experimental chamber with magnet

Spectroscopic detection tools

@-Ray Opticse=> Spectroscopy+=— MagnetiSD
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Design of a polarised light beamline in the energy
range of 304000 eV
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MCD Beamline
(30— 1500 — 4000 eV)

!
M1 1 SGM/IM3) DIM

Abstract

This article describes the design of a possible polarnsed light beamline for magnetic arcular dichroism anc
photoemission expenments on a bending magnet source of 2.5 GeV storage ring, Indus-2. It will have an energy range
of 30-4000 eV and will deliver circular as well as hnearly polarsed light to perform absorption and photoemssior
experiments covering relevant L and M edpes of most of the elements. The beamline optics consists of a vertically




Interaction of photons with electrons

—~
Electron Spin
i’ _— P — Weak
High photon flux
T Orbital Moment ﬂ siP
—
Non-resonant magnetic x-ray scattering
—>
E Orbital moment of electron — Spin-Orbit coupling
Spin of the electron
. .. Strong
Electric dipole transition > Absorption of x-ray

High photon flux is not necessary

X-ray absorption intensity (I) = Electric dipole matrix elements 2

Selection rules



Selection rules

Al=+1 &Am,=0, +1

Al=+1 ——> Transitions S—p, p—d, d—r

Al=-1 ——> Transitions p—>S, d — P, f —d

Am; =0 —> Linearly polarized light

“ Am=x1 ——=  Circularly polarized light “

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

——> As=0 & Ami=0 ——> No spin flip

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




Relevant absorption edges for XMCD

At Noy Sywibol | Elect. Conf:| Edge | Trunsition | E (eV) At. | Symbol| Elect. Conf. | Edge | Transition | E {eV) Edge Trans. | K {el)
Ne.

5 B 2s92p! K 1s—2p 188 57 |La 5d'8s Mo/ M: | 3p—5d 120971128

6 C 2s2p° K |1s—2p [284 58 | Ce 4F5d%6s” | Ma/ Mz | 3p—>5d | 127471187 | Mo/ Ms | 3d—4f | 502/834

T N 2572p K 1s—2p 410 59 [ Pr 4F5d°6s° | M/ ME | 3p—>5d | 13371242 | Mo/ M | 3d—4f | 948/929

8 0 252p” K 1s—2p 543 60 | 3d 485d%s" | M/ M: | 3p—54 14031207 | My Ms | 3d—af | 1003/980

9 F 252p’ K |1s52p 697 61 | Pm 485d°6s" | Mo/ M: | 3p—5d | 1403/1357 | Mo/ M | 3d—4f | 1052/1027
62 | 8m 4f5d°%6s" [ Mp/M: | 3p—5d | 15411420 [ My M5 | 3d—4f [ 11111083

13 Al 3s°2p' K [1s53p 1559 63 | Eu 45067 | My/M: [ 3p55d | 161471481 | My/M; | 3d—daf | 1159/1127

14 |si 3s°2p’ K |1s—3p | 1839 64 | Gd 4F5d'6s” | Mp/ME [ 3p—>5d | 1688/1544 | My M5 | 3d—4f | 12221190

15 |P 35°2p’ K |1so3p [ 2149 65 | Tb 4P5d’6s” | Ma/M: | 3p—5d | 176871611 | My/Ms | 3d—4f | 1277/1241

16 S 3s2p" K 1s—3p 2472 66 | Dy 48%4%s* | My/ M | 3p—5d 184271676 | My Ms | 3d—af | 1333/1292

17 |cl 3s2p” K |1s—3p 2833 67 |Ho | 4F'5d%6s° | Ma/M: | 3p—>5d | 1923/1741 | M/ Ms | 3d—df | 1392/1351
6& | Er 4£875d%6s° | My/ M: | 3p—5d 2006/1812 | Mo/ M | 3d—4f | 145341409

21 | Sc 3d'ds’ I/L|2p—3d | 403/398 69 | Tm | 4F5d%s” | My/M; | 3p—>5d | 2090/1885 | My M; | 3d—df | 1515/1468

22 | T 3dds’ LyfL|2p—3d | 461/454 70 | b 4175d%s" | M/ M | 3p—>5d | 2173/1950 | My/Ms | 3d—4f | 1576/1528

23 v 3d'as” Lo/ L | 2p—3d 520/512 71 | Lu 47547657 | My M | 3p—>5d | 226472064

24 [Cr 3d4s L/L[2p—3d | 584/574 72 |HE | 4F%5d%s° | My M| 3p—>5d | 2365/2107

25 |Mn  [3d4s Lo/L|2p—3d | 630/639 73 |Ta | 4f5d%6s | Mo/ M| 3p>5d | 2460/2164

26 |Fe 3d4s Ly/L|2p—3d | 720/707 74 | W AF%5d%sT | M/ M, | 3p 54 | 2575/2281

77 o 34 /L 2p3a | 798/778 75 | Re 4f*:5d;6sj My M | 3p—5d | 2682/2367

55 [N A /T | 2p—3d | 8705833 76 | Os 4f*45d?652 Ma/ M | 3p—5d | 2792/2457

29 [Cu  [3d74"  |[Lo/L|2p—3d | 952/932 IERls 40°5d%s° | My/Ms | 3p>5d | 2909/2551
78 | Pt 4£%5d76s” | Ma/ Mz | 3p—54 302772645

39 |Y ad'ss LofLg) 2p—>4d | 2156/2080 79 |Au  [4F75d76S [ Mp/Ms | 3p—»5d | 3148/2743

0 |7 ad’s< To/To| 2p—dd | 230772223 80 |Hg [ 4F%d"6F | Mp/M;| 3p—5d | 327972847

41 [Nb 4d%5’ LofLs| 2p—4d | 245612371 :

42 Mo 4d3551 LQfLB 2])—)4(1 262512520 29 Ao ad 752 N;y'rNé 4p—}6d 1080/820

43 | Te Ad°5s° Lo/ Ls| 2p>4d | 279312677 —

TR 2354 LiLd 2potd | 29672838 22 U 5Fed s NN, | dp—6d | 127171043 | M/ M, | 3d—5f | 37283552

45 Rh 4d54" Io/1s 2pad | 3146/3004

46 |Pd 4455 Ly/ g 2p—dd 33303173

47 Ar 4d"755! Lyf Ls| 2p—s4d 33524/3351




Absorption & Dichroism (arb)

Rh XMCD

3000 3050 3100 3150
L-edge——> 2p—4d

e
JJ
“—T

X4

495 510 525
Photon Energy (eV)

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

Polarization and photon spin

[=2m (B~ E) |<flé.r|i>P -
h?  ho Pt N

Right  photon  Left Photon

Where € 1s the electric field unit vector Az Tsen T
} FeT @ =

Right circularly polarized light:

e=-12 (e, +1e,) = Photon spin points to propagation direction

Left circularly polarized light:

e=-12 (e,-1e,) = Photon spin opposite to propagation direction

r 1s the electron position vector

[= m (E;¢- Ei)2 |<f|xtiy|i>]?
h?2 ho
+1
P, —>Y,*




The polarization dependent dipole operators ( P, ;) can be expressed in terms of

Racah’s spherical tensors C'_,, with1=1 and m; =+ 1.

Right circular polarization P,, =— 1/N2 (x +iy) =rC!, =r V(4n/3) Y},

Left circular polarization P_, =— 1/N2 (x —iy)=rC! _, =r V(4n/3) Y.,



ey = - -
| 18 —|et en]eu Vil et =l —lei et wvles
“

| | s 1

—
o=

~
-

(spir

inup

(sp

'd

1/°

i
il




Lets consider a d” 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 = 1 > 1 + 1

T > <n', I+1,m;+1|P,,|n, 1, m >

B A+m,+2)(1+m,+1)
- \/ 2021+ 3) 21 +1) R —(1)

and TV — <n', I+1, m, -1 | P, | n, I, m, >

—_ [-m+2)-m+1) p S5(2)
221+ 3)21+1)

Where R =] R* ()R, (r) 3 dr

Eq (1) and (2) = The change in photon spin (P,, — P_,) keeping the
magnetization direction fixed 1s equivalent to change in magnetization
direction m; - m , keeping the photon spin fixed, i.e,

<n',+1,-m+1|P,|n |,-m>=<n', I+, m-1|P_,|n, ], m >




Case —I: Change in photon helicity with fixed magnetic field direction

X-ray
Photon
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Case —II: Fixed photon helicity with change in magnetic field direction
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LaMn, Al O,



For L,edge1i.e,p;, > d.

I =3 |T'2=13 R? —
L,f
— Al =l T}, =-2/9 R

2
and Il=3|T"|% =5/9 R?
1,f

For L,edge1i.e,p,, > d.

=312 =13 R —

”
1 — ALsE I,- 1), =2/9 R?

2
and 1= ITY[2 =1/9 R
1,f

The dichroism signal at L; and L, edges are identical but opposite in sign

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

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

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




dorbitals | <L > (h)| <
, s,>(h) | <2s,+ 1> (h 2
(0) | AL /R> | AL /R> | (Al + Al )/R?
Y'B 2 -1/2 1 5 5 5
15
v 1 172 0 = L %5
15 15 15
Y ; s
B 0 -1/2 1 4 4 ’
—1 - _l _L _i
v 1 172 2 E 13 N
Y,’B -2 172 3 - 0 -3
15
Sum 0 -5/2 5 _2 2
9 9 0




MCD Measurement ——2  Two step process

Step 1—  Source (electrons)

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

(b) If the core level is spin-orbit split (I £ 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 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.



Band picture

Dichroism
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Intensity (arbitrary units)

Sum rules :

Parallel helicity and

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 —

J L3+L2 (IT - Ii)d(ﬂ

_ 10-n
M bital = 4 JLaso (IT +IY)do ( 30)
. 6 -[L3+L2 (IT - Ii’)d(x) -4 IL3+L2 (IT - I‘L)d(x) x (10 n ) (1_ 7<T.> )_1
Hpin Jiar2 (1T + I¥)do * 2<S,>

[(AZE- BEE)
[(’*&B*) +(BEE )

morbltal 4/3 (1 0- r]3d)

AT A A*+B*  A+B
6l¢ |- 4l(== )] 7<T>
[(AEB) + (ALEY) 2% 52

<T,> = Magnetic dipole operator.
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Specific Magnetometry
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Intensity (arb. units)

Magnetism of FCC Iron
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Dichroic signal (arb. units)
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Fig. 2. (a) Fe and Co dichroic signals (open squares and solid
circles, respectively) determined for the Fe/Coll 00) system as a
function of Fe film thickness; (b) Fe and Co dichrow signals {open
squares and solid circles, respectively) determined for the tilayer
2ML Co/Fe/d ML Coil 00) system as a function of Fe film
thickness in companson with the results of the Fe/d ML Coil 00)

system (dashed hines).
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Magnetic circular dichroism ol LaMn,_,Al,Os

series of samples

A. Banerjee **, S.M. Chaudhari *, R.V. Krishnan *, B.A. Dasannacharya ®,
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INDUS-II

Future plans === Element specific magnetic microscopy

For imagination

|

Element specific magnetic ac-susceptibility ?

Element specific higher order magnetic susceptibility






