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w0 Outline — Lecture II — Light-magnetism interaction

UNIVERSITET

® Phenomenology of magnetic spectroscopies

® Electronic structure theory, linear-response theory

® Theory/understanding of magnetic spectroscopies
* Optical regime

* Ultraviolet and soft X-ray regime
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s In the beginning ... First observation of magneto-optics

UNIVERSITET

Magneto-optical Faraday effect (1845)

» Observation of interaction light-magnetism
enormous impact on development of science!

Faraday effect

f(-M) =-6.(M)

Michael Faraday
(M) ~Ilin. M (1791 — 1868)




Magneto-optical Kerr effect
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v ‘ LY

R
M 44 ‘ M —= YiEet ‘
fa) polar (b) longitudinal (c) transversal {?.’3’24'11“9‘3';}
Kerr (1876) Kerr (1878) Zeeman (1896)
pol. analysis pol. analysis intensity measurement
/ oy _b_lnl=lr]
e N, tang, =—=———
> /; a ‘rJ—I—‘r_‘
N Rotation of the polarization plane &

ellipticity: Completely a magnetic effect!

m=)> One of the best tools in
magnetism research!




Magneto-optical Voigt effect
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Voigt effect (1899)

1
450 Oy
<
—#

wmmmdp \ery different from Faraday effect;
Voigt effect is “quadratic” (even) in M

Woldemar Voigt
(1850 -1919)

Voigt effect
Kerr effec : ‘.

Imaging of magnetic
domains using Voigt and
Kerr effect in reflection

(Courtesy R. Schafer)
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Magnetic circular and linear dichroism

k.
+ E,

MCDoc(I, —1)/(I, +1)
MLDoc(I —1)/(I, +1)

Magnetic Circular Dichroism o _ _
Magnetic Linear Dichroism

"odd in M” . _ )
even in M



Development of light-magnetic material interaction
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Inv. Faraday effect
Electron MCD

Non-linear magneto-optics
XMLD

Ultrafast magn.switching

- Faraday effect (1845)



s Recent Examples of Light — Magnetism Interactions
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Observation of the spin Hall effect

A B

Kato, Myers, Gossard & Awschalom, wa e g et
. B T
Science 306, 1910 (2004) =
Spin Hall effect TR §
100+
5|:|_
¢ !
Kerr rotation E :
image _
-2 R
Dyakonov & Perel, JETP Lett. Reflection
13, 467 (1971) image
R B, & e,
Material: non-magnetic n-GaAs [110] A ostiaiaty Bostler(en)

MO Kerr rotation detection ~ 10~ deg.
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Spin Hall effect in heavy metals 6’(/};
L

Gives rise to spin-orbit torque

Direct observation of SHE in pure heavy-metal
difficult because of short spin lifetime and spin

diffusion length Miron et al, Nature 476, 189 (2011)

Liu et al, Science 336, 555 (2012)

Polarization

o

o S‘O_
0

~N
=

N <IN $ L —

o . / :
/ g :

w i
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Gl

JC'

MOKE detection could be possible
due to penetration depth




o Experimental direct observation of spin Hall effect Pt
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=107 A/cm?

@ experiment

ﬁ —— free o3H
60 f |
--- calculated o ®

- —
o 2 40 1
- — —
< = c SR =1880 [Qem]™!
- x
- =g o <1890 [Qem]” |
> [Interpolated p |
‘!. : 0 [Constant A

0 1|0 2|0 3|0 4IO 5|0 6|O
Pt thickness (nm)

Stamm, Murer, Berritta, Feng, Gabureac, Oppeneer  EXCellent agreement with experiment
& Gambardella, PRL 119, 087203 (2017) Estimated /=11.4%2 nm for pure Pt

> Accurate MOKE measurements of SH conductivity in heavy metals feasible
with nrad sensitivity
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wswn — Optically induced magnetization
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Due to nonlinear “opto-magnetic”
effect, the inverse Faraday effect:

0.2 |

Induces magnetization 6M

Faraday rotation (degrees)

rind *

Could potentially lead to a
fast, optically driven
Trnpdaky (%) magnetization reversal

Kimel et al, Nature 435, 655 (2005)
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L All-optical writing of magnetic domains

After exposure

GdFeCo

o il

Stanciu et al, PRL 99, 047601 (2007)

» Due to inverse Faraday effect?
» Background all-optical magn. recording
» FErasing & writing with fs-laser pulses

» Approx. 103 times faster recording?

(symposium Th. Rasing, A. Kirilyuk)
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wrsn — Ultrafast magnetism
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Measurement of ultrafast magnetic response with time-resolved magneto-optics

1.0
§ 0.9} Ni 1 1.2 .
uC} ; 1.0 oy “n
® ’ o5 0T
E 08 E 08-
Eo? Tgi o8
T P 044
E 06 - g o]
=
0.0
05F B ‘
L i L : 4 : i -1 0 1 2 3
fs laser pulse (pump) 0 5 0 15 delayipe)
At (ps)
Beaurepaire, Merle, Danois, Hofherr et al, PRB 96,
Bigot, PRL 76, 4250 (1996) 100403R (2017)

» Magnetization decay > Very fast decay
in <250 fs ~40 fs

13
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s Theoretical description of light — magnetism interaction

Use 2nd level: Combination of Maxwell-Fresnel theory and ab initio

quantum theory

Fresnel equation for modes in material:

Geometry & materials” boundary
conditions:

[nzl—e—n:n]-E:O

E.: [ rSS rSP j EE.SZ‘ j
= { J )
Ell; j rps rpp E;?

E! _ n,cos6, —n,cosb,

n.cos@ +n,coso,
E! 2n. cos 6,
E. 7 n.cosf +n, cosb,

Polarization analysis or intensity measurement

And: ab initio theory for calculation of ¢ (w)

14



ww  Dependence of the dielectric tensor on fields

UNIVERSITET

The dielectric tensor depends on external fields & — & (/g , (D, B : E )
Use a Taylor expansion for effects to lowest order: ( /] — 1)
g(lg, B.E, W) =
&, +O0(k)+O(B)+ O(E) + O(B,E,) + O(B.B,) + O(E,E,) +...

- I & & 9
S Q @ Q g &
g & & S $ 3
& o Qo 2 W o
> > > & > o
3 ¢ ¢ & XY &
S < O Ky Y Q
K & & > S S
N o o 4 o Y
o 5 $ & 4 '3
$ 2 & Q 2 S
~d < < S
F & & S & Q
& & &L & ©

All the (linear) phenomena can be described, using the Fresnel formalism
15




wrsn — Magnetic effects in Fresnel equations
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Typical ¢ tensor: Onsager relations =» Magnetic parity
0 _
e (B ¢,(—H,0)=-¢ (H,») = odd
e=le, € 0
O O Eaa(—H,C()):-FEaa(H,&)) eeven

€| )

s | Magn. effects probe always ~M or ~M?2 (to lowest order)

Examples:

wd | &, 2
MCD :2—0R{7y} Odd in M; MLD =2wdlm{e—el—g"y} even

.0 2
gaa ~ gaa + gaMa

16



.= Magneto-optical Kerr and Faraday effects
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; Rotation &
/ Ellipticity
Palar Longitudinal Transversal MOKE L’ \T‘?“‘
g
polar Kerr effect, normal incidence Faraday effect, normal incidence
(1 + ta,neK) o2k _ 14714 1—n_ l—taneg L2067 — jiwd (ny —n e
1 — tan eg 1—my 14+R l1+tanep
2 .
Use n, =¢,tie, Assume |¢ |<<|e |or |o,|<<|o,
_O-x C() . 272-61 O-_x (a))
Oy +igy = (@) 1/2 O +icp = > 1/2
o (l+4mo /o) ¢ (I+4nmo /o)

17
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wsn — Classification of magnetic spectroscopies
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Linear (odd) in M spectroscopies:

Polarization Intensity
analysis
Transmission | | Faraday L MCD
. P-MOKE T-MOKE
Reflection L-MOKE /| iy
2 quantities 1 quant.

Classification criteria:
1. Magnetic parity

2. Transmission or
reflection

3. Polarization or
intensity

4. Linearly or circ.
polarized light

nmmmmP Syitable for (element-selective) study of ferro-, ferrimagnets

18
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wsn — EVEN-IN-M magnetic spectroscopies

Quadratic (even) in M spectroscopies:

Polarization Intensity
analysis
Transmission Voigt MLD
L L
Reflection birefringene¢| | | p MLD
R-Voigt / L L
2 quantities 1 quant.

sy Suitable for (element-selective) study of antiferromagnets

(and ferromagnets as well)

19



wsin — Linear-response theory
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Z f(Eﬂ) — {(Eﬂ’) Hr? nﬂnn’

7 W— Wnp +1/7
A

e
s (W) = =Ry

nn'

~~

Lifetime broadening,

4 1/t ~04¢eV

mfe,,(0)]=— ’;hm > > Re{IT, IT;, Jo(0-w,,)

un. occ.

Re[e,, (w)] = ZZIm{H" Il o(w—w,,)

(for 1/t -> 0)

un. occ.

Lifetime broadening happens and needs to be taken into account

20
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s o _ _ :
wan  |ifetime broadening — linear magneto-optics

Kerr rotation (deg)

0} I 1 2 3 4 5 ‘ 6
Photon energy (eV)

Optical frequencies:
lifetime I'=1/t = 0.03 Ry

Oppeneer, Handbook of Magnetic
Materials, Vol. 13 (2001)

Complex polar Kerr effect (deg)

| FePt

- —@— Buschow

% | —e— Cebollada (ord)

| —&— Cebollada (dis)
theory

L 1 L 1 n 1 . 1 i

Faraday rotation (10° deg/cm)

0 1 2 3 4 5

2 3
Photon energy (eV)
1.2 :
CrO
0.8 -
0.4
0.0
s N\ i
0.4+ —@—exp. [x2] T
theory
_OB 1 a 1 M 1
0 2 3 4

Photon energy (eV)

21
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= Origin of magneto-optical effects

Effective Kohn-Sham Hamiltonian:

N

H

VZ
_%_I_I/e,N(r)_I_VO(’/)

Spin-density (2x2):

n(7) = {n, (F)l + (7)1 2 {

1+ B

Exchange field

—

(7)-G+E0-G

T

Spin-orbit coupling

XC

n(ry=n,(r)+ny(r)
m(F) = piy s (7F) = n, (7))

Vary the two magnetic interactions (exchange & spin-orbit) to
deduce how magnetic spectra depend on these.

22
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s Effect of SOI and exchange interaction

e’h

Full form of SOI: H,, =

(small relativistic effect)

IExchange splitting, ‘ 6

y1—2¢eV
; (3d atom)
I

Aex >> ASOC

Spin-orbit coupling breaks
crystal symmetry

2 2
Adm-c

Spin-orbit splitting _

~20 meV

(ldeZ-&gg(Z-ﬁ)

(b) With SOI

........

My
o

tev |

““““
P

Y4 r

23
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o Leading order quantity: spin-orbit coupling

Leading quantity determining the valence band MO effect is spin-orbit coupling & (L.S)
— Kerr and Faraday effect scale linear in the SOC, not in the exc.-splitting!

Scaling of SOI

0.4

0.2

0.0

-0.2

V\"C :

Kef[r rotation (deq)

-0.4

-0.6
0

Scaling of exc.int.

D

0 2
Photon energy (eV)

24
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et What about the X-ray regime ?

X-ray magnetic circular dichroism  E:(z,t) oc (e, £ie, )€ "=

magnetization
; ; o ; absorption
right circular polarization ol
coefficient
N H+)
sample
+Z
magnetization
h

: s absorption
left circular polarization Bl
f} coefficient
U H-)
sample

X-ray magnetic circular dichroism (XMCD)
Ap = pes) — Hio

XAS (Arb. units)

-0.2

0.6

2
B~
1

s
N
|

2
o

Co

T

760

770

780

790

Energy (eV)

800

mmmd Understand origin of and perform ab /nitio calculations for
XMCD & XMLD at L-edges

25
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Note on importance of XMCD — sum rules

Intensity (a.u.)

Ditterence (a.u.)

810

i 1
goo0

1 N 1 N 1
770 a0 Ta0

Photon energy (a.u.)

Thole et al, PRL 68, 1943 (1992)
Carra et al, PRL 70, 694 (1993)

Sum rules

m_ /L. ~ ALH — QALE
s/ B A = Atomic spin moment
AR +HAL
e A ¢= Atomic orbital moment

The XMCD sum rules are not exact but are intensively used,
because they allow an element-selective determination of the
spin & orbital moment on a 3d element in a material.

(Lecture E. Goering)

26
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wsw  Definition of refractive index (X-ray regime)

Wehad: n:=¢,+ie,,  (nonmagnetic: n* =¢_ )
Inx-ray regime: pn, =1-(0 £ A0)+i(f L Ap)
\ )
Y

Small quantities!

These quantities
0 can be obtained
' from XAS, XMCD
1 & Faraday effect

3 —9B AB ' measurements
--------- o (KKT) + - A (KKT) 4 -2
760 770 780 790 800 810 760 770 780 790 800 810
photon energy [eV] photon energy [eV]

27
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1) Spin-splitting of 3d states
due to exchange interaction

2) Helicity-dependent optical
selection rules

left.: Am,=-1, Am =0
right:Am, =+1, Am_=0

Gt
wsn  Basic electronic structure picture

A
‘ 4sp

=

{r-i-— Eeg

| =

Y »

N W =

I| |I ﬂu}

il &

>

i1

—+—+—+ O

6]

2

o

L4 | =

- o

Leads to different absorption of left/right
circ. pol. radiation (trans. probabilities)

770 780 7an BO0
Photon energy (a.u.)

310



Ab initio calculated XMCD spectra - Effect of A, .
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Very different size of XMCD ~Im[e, —¢& ]
SOl and A, !
To lowest order the XMCD does not depend on A.;:
2 exc. split ]
Pz | 3x03ev =====x 10 GEX | I T L
- — with CEX W 1
SO split § f\ N2
15 eV 8
é 2
2Py, Aay =
<
0
XMCD
Many calculations ignore A, Energy (eV)

but there is a small effect !

Kunes et al, PRB 64, 174417 (2001)
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e Comparison with experimental XMCD spectra

XMCD

1 1 1 1
1x10° 1x10°
AB 0 Begmg d 0 AO
1x10° | ] 1x10°
2x10° | ! 2x10°
= M f | M 3 M " | " 4 " ) | ) M ) M |
10 720 730 740

Energy (eV)

n. =1-(5+AS8)+i(B+AB)

Exchange-split core states give somewhat better
results when compared to experimental spectra !

Kunes et al, PRB 64, 174417 (2001)

30



Quadratic in M effects: X-ray Voigt effect or XLMD
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: awd wd
Voigt effect Oy +ig, = %[”n -n,]= en Im[ 2,/ ]
kLM 20, = LMD
450 O
K
\ 'I N

Voigt effect

Ly

Origin not understood ...
Magnetovolume effect?

Why much smaller than MCD?
Spin-orbit interaction? n#n,
Cf. Faraday, Kerr: linear in iso

MLDoc(I,—1,)/(I, +1,)

31



Measurements & ab /nitio calculations XMLD
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Mertins et al, PRL 87, 47401 (2001)
18x10-°
XMLD

-_ 4x10-5

-olm[An] <:D
los  XMLD / X-ray Voigt effect
would be very small without

Complex X-ray Voigt effect (deg.)

L exchange split core states!
| L L ! T T T T T T T
® exp. 11x104
theory
t::sarsgol::rizaﬁon e —— CXC. Spht
P2 | 3x02ev
— 10 Refan] ’

e SO split
Energy (eV) 15 eV

AV =( 21)1/2
32



wesan  FUther results of ab /nitio calculations XMLD
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6 Fe,Co, AL |
- 0.0 ._ﬁg#\'
c>\° 3 T . .: 2p1f2 1
2 | 11 [
5. O R _ L XMCD |

| | ! P =0.
X .3 N R
I 700 710 720
6 Energy (eV)
700 705 710
Energy (eV)
> small effect ~ 5% _od Lo
Aup * 7Im[n” —n ]~ ﬂlm[‘% —&]

» good ab initio theory

Why do we have these spectral structures?
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Simple model for X-ray magnetic spectroscopies

Core-states are (k) dispersionless

477' e’
e (@)= ImY 2 (R, (k) 80— 0,:(k)

HC‘ ¢ 0OCC.
ooun.

Expand &, considering 2p -> 3d
transitions

Selection rules on m :

(e, =¢ +ic,, = Am=+1

& =¢&,-ie, = Am=-1

g =& =>Am=0
N—

X-ray spectroscopies:

XAS ~Im[2¢, +¢/]/3

nmmd  Sym of all transitions Am

XMCD ~Im|g, —¢_]

Difference of transitions

" l with Am=+1 and Am=-1

XMLD

~Im[g —¢, ]|= —(e, +¢€.)/2]

nmmmp Difference of transitions with
Am=0 and aver. Am=+1 & -1

Im[ ¢

34



wsns — Understanding the shape of XMLD and XMCD
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s Develop model theory and perform ab initio calculations

Model theory (2p core):
= Neglect SO in valence states (~ meV)
=» Consider only 2p ->3d transitions
=>» Expand ¢ functions with respect to A,

Im[s, ()] o Za;;mDm(w + %] yI2=m—p+s

D, m- and spin-dependent 3d partial DOS

Ago (15 €V)>> A_ (1-3 eV) >>A_ (0.1-0.3 eV) > £ (0.09 eV)

SO-V

XMLD ~Im[g —¢ |=1Im[g — (&, +&_)/2]

nmmmP> Difference of transitions with Am=0 and aver. Am=+1 & -1




uprsaun Model theory, results

UNIVERSITET

D . m and s-dependent partial DOS of unoccupied 3d states

ms

XAS ) 4; Doy + D) =302 nmmmp XAS branching ratio: 2/3
~2Y (D.+D,) j=1/2 no magnetism (M invariant)
XMCD ~ +2; (DmT _Dmi) Jj= 3/2 [ = LZ . L3 equal & Opposite

~ 2 (D.-D)  j=1/2 odd in M, no f.o0. effect of A
~— . -D, _

m-orbital degeneracy: n—>
XMLD * Small signal, proportional A !
N Ai( D,-D,)  j=1/2, 3/2 e related to energy deriv. XMCD
dE * even in M (A is odd, D is odd)
~ ¢AiE{XMCD}

AN

N

Absence of the crystal field
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m-orbital degeneracy:
No crystal field,
amorphous FeCo alloy

Spin-pol. unocc. 3d DOS

Im{¢, - €.} ~ (D4 - D,)

UD$' Eu)

E

XMCD

>

0.0 4

Experimental check of XMCD-XMLD relation

Energy (eV)

—* r 1 v 1"
"Fe_Co /\
L 20 80 { 4
r s 2p112 .
LI
14 _
Ls XMCD |
\J P =09
- '.‘. 2p3/2 circ -
| I L ‘. L | L L L L | I
700 710 720

(0,-D,)

Im{e, - £} ~ A, 5= (D4-D,)

Leading quantity A,
is very small, yet crucial!

=P relation between
XMCD-XMLD verified

A

d
ae(Py- By

J

>

-
XMLD

0.02

f XMLD
J?. Fin=1
%
- ]
1
| ]
[ NN (TS S SR S (R
700 710 720

Energy (eV)

Kunes et al, IMMM 272, 2146 (2004)

37



Explanation of the XMCD shape
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NIRRT
Er| £ /J \’ ’ |
(Dy =D )(E) J(E)-(Dy =D )(E) XMCD signal at
one edge

wemm=p> | eading quantity for XMCD: exchange
splitting of 3d DOS, determines XMCD shape



urrsaiA Explanation of the XMLD shape
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E + E ' E
| | | - | _—
~—1 )\ ~—1A I
JRIEZ;
(D =D)E)  AL(D=D)E) A f(E)~ (D~ D )(E)

mem==>> | eading quantity for XMLD:
exchange splitting of 2p level
XMLD is quadratic in M

XMLD signal at
one edge

39
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wswn — HOW good are the assumptions in the model ?
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> It is excellent for XAS, 5 :
XMCD and XMLD ! g g
> >
- Useful for studying the g 8
origin of XMCD 8 =
and XMLD S |
_' T % NN \ ] ‘ tT f I
0.05 b XMLD (001) agz |- XMLD (001) -
£ 000 £ 000
5 5
% | ab initio | % _ .« abinitio
model -0.02 - model
-0.05 . -
B o 10 20
Energy (eV) Energy (eV)

Kunes & Oppeneer, PRB 67, 024431 (2003)
40
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s Magnetocrystalline anisotropy in XMLD

Effect of crystal field: Cubic symmetry

Combination of different

! m-orbital spin-pol. DOS

XM|_D~A—[a(tzg¢ L)+ Bles—e,) ]

M(OOl):LB:__z M(111): [ﬁ
Xz yz

t, —
2 2% 2% 2
oty

=> different combination of m-partial DOS

probed, depending on M axis
=» large magnetocrystalline anisotropy
appears in XMLD spectra

XMLD (arb. units)

XMLD (arb. units)

b lines: model
' symbols: exact

2 4
Energy (eV)

Kunes & Oppeneer, PRB 67, 024431 (2003)

Effect of
val.-SOI

N

41



wv How about the 3p (M) semi-core edges?
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A 3p ->3d transitions

T-MOKE in XUV
3d .
\ e Permalloy 'y .
EF=[}eV - 205 ,—Ti.!;'
/ s L
50.4 _— ‘,:-.
go‘a — "; 50 70
~50eV —eoooso— 3p g ! # ton Eneray (eV)
TO.2 [ .
g \ s _®g,..8" "
Zo1f AT S SERL .y
0 - omolo" * * OIQ 00000 It 00000 Io 00000 IO 00000 I‘ 00000
1 | IO - 1 2 o 3 | 4 5 6
Time Delay (ps)
> La-O-Vorakiat et al, PRL 103, 257402 (2009)
XMCD
~700eV —=sssss— 2 _ o
» Ultrafast element-selective demagnetization

of Fe and Ni in permalloy

42



Transversal MOKE at M edges
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Measured as intensity change of lin. polarized light in reflection (cf. Fresnel theory)

sin 20; €
A=2Re il

T e0s07 —n? + i 0? = 2 Re[F(8,n) €,y| = 2 Re[F(6,n)]Re|e,y| — 2Im[F(0,n)]Im|e,, |
Demagnization mechanism: Compute ab /nitio €,, for several cases: 1) frozen
magnon excitations, 2) reduced exchange splitting (spin-flips), 3) increased electron

temperature T, - construct the change in A(t) wrt A(t=0) —> least square fit with

experiment  R(M+)—R(M-)

 R(M+)+R(M-)

A(t)

Asymmetry

Imagmnary par

Turgut et al, PRB
94, 220408R (2016)

Eneray (g4

| 3 i
1 | '-
Real part~ % .

— —'.H‘.mr magrids-ophcal conslam
== em e === - ARG oopadEmnial oplimiation
T T

- j £ 55 80 85 70
40 45 a0 Energy (V)
Angle (ded)

43
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Comparison of experiment and ab initio theory
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T-MOKE <0ps 700 fs 3 ps AT-MOKE
, ‘ : : ‘
- &) I°3 c) I I
P 65 - H0. 0.02
o §65 S
E 2 O
Exp. 7§ 3% 0
Q_ [0} (D6O 1
X o LICJ
L 0. -0.02
50 |
02| % | |
45 40 45 50 40 45 50
Angle (deg) Angle (deg) Angle (deg)
70p) 0.3 d) T, =1100K f) T, =700K
C g5 02 |65 Ae=0.26eV | [0.02 65 Ae=014eV | §0.02
o > > 7.3% magnon > 2.3% magnon
Theory T S — 0.1 [ s M-o1454, Z M —1.55
S S r 5 . 0 8 0
T @9 uﬁ (T
" -0.02 -0.02
O 50 | i i
| ‘ ‘ 550 v ‘ 55 ‘
40 45 50 40 45 50 40 45 50
Angle (deg) Angle (deg) Angle (deg)

For Co » Surprisingly small contribution from spin-flips (exch. split reduction)
» Larger effect (2/3) is due to fast magnon excitation => reduction of M,

44



e Quadratic in M effect in-near-normal reflection

Ospy Schafer-Hubert effect

(or Voigt effect in reflection)
01F : O 4 ' : ; ' :

Dgy (degrees)

45 50 55 60 65 70 75
photon energy (eV)

Near-normal incidence detection at Fe 3p edges

Osy = RE[(HH _ nl)nﬂ] - Re[(fu — fi)ﬂn].

nn; — ng (n* — n)n

45
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Comparison to ab /nitio calculations

o
-

85y (degrees)
o
o

Photon energy (eV)

Valencia et al, PRL 104, 187401 (2010)

-0.1F (b) —— from XMLD in refl. -
45 50 55 60 65
photon energy (eV)
Ab initio theory
' | i | ! |
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Importance of treating
exchange splitting and spin-
orbit interaction on equal

footing

Importance of Aybridization
of J, states

2p exchange splitting
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J-hybridization 3p semi-core level of Fe

Strong mixing of j, j, states, SO splitting & exchange splitting equally large

~ gl (@ ' | " | ' | ' ]
S T = Bpyp. Jp=12
T 6 — 3p,,, =+112 7
- - j.=-3/2
3 =12
N ol =12
Q= i =+3/2
0 ' |
-56 -48
o Magneto-X-ray
Strong J,-mixing I I | I effects as large
as at 2p’s!
-1/2 +1/2 3/21/2 -1/2 -3/2
2py), 2p;,

» No expansion in small quantity possible !
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wsan — SUMMarizing light — magnetic matter interaction
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Magnetic spectroscopy is a highly sensitive tool that can detect
minute magnetizations (spin Hall effect)

Exchange and spin-orbit splitting work together in different ways in valence
and X-ray regime to bring about light - magnetic matter interaction

Ab initio quantum theory (effective single particle theory) works well
but it is needed to know about its limitations

Current frontlines:

1) Ultrasensitive measurements to observe very small spin-orbit
related effects (e.g. Inverse spin galvanic effect)

2) Ultrafast limit of modifications & control of magnetization,
experiments and suitable theory

3) Nonlinear magneto-optic effects
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o Appendix I: Alternative way to describe X-ray spectra

UNIVERSITET

Other way of describing effects — scattering formalism:

f ~(e"€)F, —i((é'xé)-M)F, +(e"M)(é-M)F,

t |

Charge 1st order 2nd order
scattering magnetic magnetic
(XAS) scattering scattering

(XMCD) (XMLD)
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wsan — Deficiency of DFT-LDA for localized 4f states

UNIVERSITET

LDA LDA+U
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Photon energy (eV)
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Nearly localized f state
=> |LDA+U better
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Practicals’ problem:
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1) Material with magnetization
in the scattering plane

2) Lin. pol. light £vector at 45°
to the magnetization

3) Consider R(+M)-R(-M)

Use the reflection coefficients to show that R(+M)-R(-M) is a
measure of the magnetization and derive an expression for

the magn. asymmetry:
? Y i _RH+M)—-R(-M)

~ R(M)+R(-M)

A

53



