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A compass needle aligning itself
with the earth’s magnetism 1s an
example of magnetic interaction.

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

Wikipedia

North geographic pole

The geomagnetic north pole is actually
a magnetic south (S) pole—it attracts
the N pole of a compass.

(earth’s rotation axis

Compass

Magnetic field lines show
the direction a compass

would point at a given

location.

The earth’s magnetic
field has a shape
similar to that pro-

duced by a simple

bar magnet (although
actually it is caused by
electric currents in the
core).

The earth’s magnetic axis is
offset from its geographic axis.

The geomagnetic
south pole is actually a

South geographic pole
magnetic north (N) pole.
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X-Ray Photoemisson Electron Microscopy
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What does it take to explore
advanced magnetic materials and phenomena ?

General requirements: Technique requirements:

see the invisible nanoscale spatial resolution

separate spin and orbital contributions sensitive to s-o coupling

study thin films and interfaces large cross section for “signal”
look below the surface depth sensitivity

distinguish components elemental (chemical) specificity
resolve dynamic motions time resolution < 1 nanosecond

Where is magnetism coming from microscopically?



State of electron 1n atom

State of electron in atom is defined by a

set of quantum numbers: (n, [, ml,ms)
n - principal quantum number

L= l(l—l—l)h . [ -orbital qn.; [=0,1, 2, ... (n—l)
L =mh ; m

S =

, - magnetic g.n. ‘ml‘ <l
\/l(%%—l) h; S =mh ; m ==x ; m_ - spin q.n.

2

So far we have been talking about
wavefunction or state for one electron.
What happen if we have multiple
electrons?




| ; ; S L
Pauli Exclusion Principle (1925)

No two electrons in an atom can be in the same quantum
state; i.e. they cannot have the same set of values for the
quantum numbers n, l, m, and m,

TABLE 41.2| Quantum States of Electrons in the First Four Shells

n l m; Spectroscopic Notation Number of States Shell
1 0 ls 2 K
2 0 2s 2 } . . 2 n 2
2 1 -1,0,1 2 6
N 4 electrons
3 0 0 3s 2
3 1 —-1,0,1 3p 6 18 M
3 2 —2,—1,0,1,2 3d 10
4 0 0 4s
i1 1.0 4p Completely filled
o 32 N i v
0 o 1012 n 6 orbits are very stable !
4 3 =3 =2 = 01,273 4f 14
Many-Electron Atoms
Similar to hydrogen atom, but with more complicated potential 1 m7 2 84
due to the screening effect of other electrons (multi-body problem) E oc— 5 ‘;ﬁ( -
n
State of electron in atom 1s defined by a (472'6'0) 2n°h

set of quantum numbers: (n /, m,,ms)



n31 0E£I/En-1 |ml|£l mS:i% d j=1,2,...2(2L+1)

j ——————————
Valence @)y FV—=
(allowed values of quantum numbers) shell ¢‘L

| TABLE 41.3| Ground-State Electron Configurations

Atomic Electron Conliguration
Element Symhbol Number (£)
Hydrogen H 1 Is
Helium He 2 Is*
Lithium Li 3 152 an ® q=+1,0-1
Beryllium Be 4 15°25° -
Boron B 5 15°25°2p a=xyZz
Carbon C 6 1572572p°
Nitrogen N 7 15°25°2p"
Oxygen 0 8 15725°2p*
Fluorine F 9 15°2572p°
Neon Ne 10 15225720
Sodium Na 1 15°2572p%35
Magnesium Mg 12 1522572p%35°
Aluminum Al 13 15°25°2p%3s* 3p
Silicon Si 14 15°25°2p"3573p?
Phosphorus P 15 15°2572p%35% 3p"
Sulfur 5 16 157257 2p"35°3p* p ]
Chlorine cl 17 1252363 3p° Core ¢) %
Argon Ar 18 15725°2p357 3p0 she I I c
Potassium K 19 15°2572p53573p04 .
Calcium Ca 20 1.»-32.732;:63.53}:54.\-3 = 1: 2: ----- 2(23"'1)
Scandium Se 21 15°25°2p"35° 3p 457 3d
Titanium Ti 22 15225°2p03 52 304342
Vanadium v 23 157257 2p%35%3p045% 3
Chromium Cr 24 1.\'22.?22;)&3.f2?pp54.¢3d5 b . I I -I:- I I d
Manganese Mn 25 15°25°2p°35° 3p 457 3 HOW tO pro € partla y aTiie
Tron Fe 26 15725°2p03573p045734°
Cobalt Co 27 1522522p53523p54573d" Sheu Of an 6|ement?
Nickel Ni 28 157257 2p53 2 3p0 457348
Copper Cu 29 15°25°2p"3 57 3p0453d "

Zinc Zn 30 15°25°2p53 57 3p0 457340



Element Selectivity

3d holes

d ~j=1,2...2(2L+1) Band formation

Valence ) == w—

DOS

Atomic spin-orbit coupling

/ L-a E+S

i
Coe P BomEOT — L, s ———
i=1,2,...2(2c+1)

« Each element may have multiple core levels.
« The core level may split due to spin-orbit coupling



X-ray absorption cross-section is given by

82

O_abs _ 4?1‘2

T hw (bl e-rla)|* dhw — (Ey — Ea)] p(Ey)
! | \ } Energy Conservation \—Y—/
Transition Probability Density of States

The polarization dependent X-ray absorption resonance intensity in the
dipole approximation is given by

Les = A (bl € -7|a)|? Integrate over the empty states in 2(Eb)

Obviously, it depends on the electric field direction.

Electron position: r = re, + ye, + ze.



Electric field unit vectors of linearly polarized light:

0 0 - 0o _ _ _
€. —€,— e, €, =€, =€, €. — €. — e.

Electric field unit vectors of circularly polarized light:

1

T - 0

€ =F——=(€, T 1€ €. — €. —e.
\/5( y)

(Photon angular momentum equal tol.)

Dipolar operator:  P?1=¢€-r =€ -r

For example:

1 47
Pr=€f . r=F— (r+iy) = \/ = Y1 +1.
z €. T :F\/ﬁ(m ly) r 3 1,1
4
szez r — z —r —?TY“]



Racah’s spherical tensor operators are defined as

A7 for photon

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

L T /

(b P2 Ja) = 60!, m.) (R a()lrRoc(r)) S e, (Lo OV e my).

Y

. . Me,mg,p
spin radial — .

g

angular

For example:
P = T‘O[()l) =1 cost =z,

1 - 1
PF = TC’E_Lll) = qifrﬁ sin @ e™1? = NG (r £ 1iy)



Racah’s spherical tensor operators are defined as

for photon

47
[ 1
o0 = [y Vin0.0) " o

20 + 1

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

L T /

(b P|a) = 8(m/,ms) (R a(r)|r|Ruc(r)) D e, (Lo GV fe.me),

N -
o

spin radial h -
angular

The dipole selection rules for transitions between states of the form
n,l,my. s, mg) are:

Al=1 —l==1.
Amp=m;—m;=q=0, %1,
As=5s"—s=0,

Ams=m"—m.=0.
S



Orientation-Averaged Intensity
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Tunable x-rays offer elemental specificity
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Rich “multiplet structure” reveals local bonding
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N i hn
NSy ey W

700 800 850
Photon Energy (eV)

Norm. Electron Yield

The charge sumrule: (I) = C' Ny,




X-ray Magnetic Circular Dichroism

¢ . ®

3d
band

Negative| |Positive
helicity | |helicity

Ferromagnetic

VI T

Below T, spins are
aligned parallel in
magnetic domains

Antiferromagnetic

IRARARS

Below T, spins are
aligned antiparallel in
magnetic domains

Ferrimagnetic

tetetet

Below T, spins are
aligned antiparallel
but do not cancel

Paramagnetic

IEARERRE

Spins are randomly
oriented (any of the
others above T, or T)

0,75

AL, = AR Y [(du x IO b1 jom) 2 = [(du X FICL P12 my) P

.,

1 1
AL, = AR? Y [(dy . XTICY p3 o my) P = [(dy X T|CL P32 1) 2




X-ray Magnetic Circular Dichroism
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1 . . . ) . .
eF = F— (e, tie,) The intensity depends on x-ray polarization.

V2  This dependence is opposite between L, and L.



XMCD spectra of the pure ferromagnetic 3d metals
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X-Ray Photoemisson Electron Microscopy
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1 1
A, = AR? > [{dy X HICY [pa o) P = [(dn X TICL (D20 ms) P

n,m;

A, = AR? > [{du xTICY [p1 o) P = (o xTICH [p1 2 ) P

n,m;

Polarization dependent p to d(f) transition intensities

by « The same core state can
é‘ T i f i - _transit to all d-states but
3z=r" — ] 3 sz_ -
d,, . : L +12  through different
% s e T 1T 1 | tonypolarization and with
Xy . age, =
T + ]| H_T ]l qu e T% | 3 different probabilities.
[ T 1
18.6.26.6.69.16,3 3,4 3,12, 8.6 e The same d-state can be
reached by all
polarizations but from
m, different core states.
3/2 . . .
Pyp +112  The opposite polarizations
o are favored between L, and
1/2 L2.
Pz 4y |

Fundamentally, XMCD requires SOC in the core level or the valence
state or both.



The sum rules

(a) d-Orbital occupation (b) Spin moment (c) Orbital moment
-m, +m,

- A1 ? éb-
N-m

E N, holes $ ; +m,
S N' N N
DOS--E.----

m,=pe{-4+2B)/C| |m,=-2p;{4 + B)/3 C.I
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J=5/2

_________ 4 J=3/2

Dipole selection rules.

A

I:)3/2

4

I:)1/2 H

2p Core Levels

m=pgl-4+28B)/C

m,=-213{A + BY/3C

D. Yi et al. PNAS, 2016



Polarization, Charge and Spin: Lay, Sr, . FeO, / SrTiO, (110)
X-Ray Magnetic Linear Dichroism =~ (#Pecw Neeltempersture (1070
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spin-orbit coupling distorts charge

- I 2 creates polarization dependence Liining et al. Phys. Rev. B 67. 214433 (2003)



Unegual populations occur when the moments pick a specific axis.

Paramagnetic state H
— Hard
/ axis T@
| Easy Easy
axls axils
Aligned magnetic state @ v, & @
- N E ey
& -n=-- S @ Hard
.- axis

The XMLD effect arises from a nonspherical distortion of the atomic
charge by the spin—orbit interaction when the atomic spins are axially
aligned by the exchange interaction.

AlxymLp = -7+
= AR~

n,p,my

2

2
(dn:- X+ |'Cril51:j |pj1 mj'j {dﬂj ::".f—|_|(’—"((_11]I — Cill] |pj1 mj}

1
2




Orbital anisotropy

9“-}% -0

— AR? ‘(b|Cé”|a

0 1) |2
15:13:5,4?32 “(b|0(_1}|a}‘ +‘{b|0{ )|a}‘

 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, 72 =17, = 1g



Powerful in studying antiferromagnetic spintronics
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Spin-Valve Head

AFM is “neutral”

magnetization
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AFM is “magnetic” at surface
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Images of the Ferromagnet-Antiferromagnet Interface
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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



