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Where does magnetism come from?

I Classically: Magnetic eld isomethingproduced by moving
electric charges that a ects other moving charges

I Special relativity Magnetism is actitious force needed to
guaranteelLorentz invariancevhen charges move

I One observer may perceive a magnetic force where a moving
observer perceives only an electrostatic force

I Dealing with magnetism in the framework @iirac equation
(instead of Schmdinger equation) is ideologically simpl
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Magneticky moment

Magneticky moment je mrou snahy zmagnetizovareho

objektu orientovat se v souhlau s vregm magnetickym gem

Moment sly msobc na magneticky moment
v magneticlem poli:

= H
Potencaln energie magnetickkho momentu v magnetiekn

poli:
U= H

Rklad: Pro uzawvenou smycku

= 0|S



Two ways of moving an electron

(A quick and dirty introduction to magnetism)

I Orbiting Q

I Spinning f
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Orbital magnetic moment

Classical expression for magnetic moment:

ob = 0olS =) orb — BS Q

where g is Bohr magneton

e o~
2me

B

andL is angular momentum devided by

For electron orbitingaround an atom the z-component of orbital
magnetic moment is thus

(2) _

orb m B,

wherem- is the magnetic quantum number.
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Spin magnetic moment

Electron spin: Picture of a rotating charged sphere fails. .

ob = sL vers. gin= 2 8S f
L is angular momentum connected witbrbital motion
S is angular momentum connected withspinning I

For electronaround an atom the z-component of spin-related
angular momentum is

1
S(Z) = —~
2
hence we get for &-component of spin-related magnetic moment

(z) _— .
spin — B -
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I Magneticle vlastnosti materall avis na sneru (or ientaci)
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Magneticka anizotropie
I Magneticle vlastnosti materall avis na sneru (or ientaci)

Energie sysemu avis na sneru spontnn magnetizee

I Rizre zdroje (druhy) magneticle anizotropie



Tvarowa magneticla anizotropie

Energie interakce mezi diply:
" #
_ 1 X 1 S D )
EBiip dip = 5— P I R )
i6j i ]

==
Proahe nebo plararn objekty se sna

orientovat magnetizaci rovnobezre
S rovinou.
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Magnetokrystalicka anizotropie

Orientace magnetizace ve smeru preferovarem geomewick
strukturou krystalu

Magnetite

Moment (Am )z

I U normalnch (3D) atek obvykle mah

I U povrchu, vrstev, clusten nize byt vysola



Konkurercn boj anizotropi

Perpendicular In-plane
Magnetic Anisotropy Magnetic Anisotropy

=

Magnetocrystalline Magnetostatic

anisotropy shape anisotropy
dominates dominates

Tvarowa anizotropie chce magnetizaci orientovat \in-pia",
magnetokrystalicla anizotropie pisob (zde) \out-ofplane”,

wsledek avis na tom, kdo je silreg.
G b
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Magnetism of Fe atom

Magnetic properties of atoms are governed by Hund rules

Electron con guration: 3194s? @)

I Spin magnetic moment: spin = 4 B

[ Firstﬁ,—lund rule: Total atomic spin quantum number
S= mgis maximum(as long as it is compatible with
Pauli exclusion principle)

I Orbital magnetic moment: o;p = 2 B

' Secend Hund rule: Total atomic orbital quantum number
L= m is maximum(as long as it is compatible with
Pauli exclusion principle and rst Hund rule)
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Magnetism of bulk Fe crystal

I Generally: Magnetism isuppressedhn the bulk
(with respect to atomic case)

I Intuitively: Electron are not free to orbit around atoms

I Spin magnetic moment isspin 2.2 g per atom

I Orbital magnetic moment is quenched (outright zero in
non-relativistic case)
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Surfaces are magnetism-friendly

I Atoms at surfaces exhibit some atomic-like o000
characteristics

I Spin magnetic moment is larger than in bulk; for Fe it is
spin ~ 2:5{3.0 g per atom

I The orbital magnetic moment is increased by an even larger
percentage, o 0:07{0.12 g per atom



Magnetism of iron: summary

@) 0000
atom surface bulk
}
I spin =4 B spin :25{30 B spin =22 B

Q ob =2 B ob =0.07{0.12 & ob =0.05 g
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A co anizotropie malch sysenu ?

I Magneticla anizotropie vrstev jeadowe \e ne anizotropie
krystall

I Magneticla anizotropie clusteu je (z)adowe \et s ne
anizotropie vrstev.

I ) Kda@ nes ajem na vysole anizotropii, vrhni se na
nanostruktury



Kcemu je anizotropie doba ?

Obracet sner spinu je energetickyadowe snas ne pidavatci
odebrat elektrony!  spintronika !

Magnetic recording head Magnetic memory cell

Tunnel valve
cell

Spin valve

FM sensor / sensor

FM reference j
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Why all the fuss with o ?

il

It is a manifestation of spin-orbit coupling, which is the
mechanism behind thenagnetocrystalline anisotropy

orb 1S smallbut important !

Under certain assumptions, magnetocrystalline anisogrop
energy (MAE) can be estimated as

— k ?
Emae = const orb orb

where grb and 2, are orbital magnetic moments for two

perpendicular directions of the magnetizatidh
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Clusters: Who they are?

I Freeclusters | giant molecules, surrounded by vacuum

I Supportedclusters | adsorbed on a surface
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Comparing free and supported clusters

I How do the magnetic properties change if clusters are
deposited on a substrate ?

I Take analogous systems (identical sizes, identical geoieEt
and have a look

I Focus rather on the trends than on particular values
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Calculational procedure for supported clusters

Impurity Green function method

I Calculate electronic structure of the \host" system (clean
surface)

I Supported clusters are treated as a perturbation to the dea
surface and the
I Green's function of the new system (cluster plus substrdte)
obtained by solving the Dyson equation.

I Focus on planar k¢ on Ni(001) and Cq clusters on Au(111)



Shapes of clusters (free or supported)
Fey / Ni(001) Coy / Au(111)
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Average magnetic
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Average magnetic moments

Jispin In Fe spheres

orn in Fe spheres
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E ect of coordination on gpn
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E ect of coordination on gpn

Bo2f Fe 1 e Co
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E ect of coordination on gpn
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I spin decreases if coordination number increases
I Estimates of spin possible for large clusters
I For free clusters, big scatter of data G D
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Comparison between free and supported clusters: sumi

I Substrate acts as an adult supervisor for the free clusters

I It suppresses the tendency of magnetic moments to oscillate
with cluster size

I It makes spin to depend linearly on the coordination number

I For free clusters, this trend appears as well but only for
spherical and/or larger clusters
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Clusters and magnetism: Problems ...
I Magnetic properties ofarge assembliesf clusters are
macroscopic: no principal problems with measuring them
I To understand nanomagnetism, one needs to study individual
small systems
I Magnetization of individual clusters (of just few atoms)

cannot be measured by macroscopic methods

I Recent progress in studying magnetism of clusters is, to a
large extent, associated with spectroscopy



X-ray absorption spectroscoppwto

I X-rays go in, x-rays go out, absorption coe cient is measdre
as a function the energy of the incoming x-rays
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X-ray absorption spectroscoppwto

I X-rays go in, x-rays go out, absorption coe cient is measdre
as a function the energy of the incoming x-rays

X-rays in

X-rays out
NAANANANANANANAAND

SV LSS sample R T
AN B NN
SAANAANANAANAANS

I Most of the absorption goes on account of the photoelectric
e ect on core electrons



Absorption via core electron excitation
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Absorption via core electron excitation

E g I By tuning the energy of incoming x-rays,
- electrons from one core level only
Occupied participate

state

I Chemical selectivity

——C~  Corelevel I Dipole selection rule

I Angular-momentum selectivity
(whether they ares, p, d states...)
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Absorption edges (Absorxn hrany)

X-Ray Absorption Coefficient
vs
Photon Energy

hrana excitovary elektron

1s
2s
2p1=»
2p3=p

i
§ <
% ¥
)
K-edge L3
e
Photon Energy [oV]

I Zvysuje-li se energii fotom, absorgn koe cient klesa

I Vzroste-li energie tak,ze ne dojt k excitoran dasho

vnitnho elektronu, absorgn koe cient

se skokem 28
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Jemna struktura absorpen hrany: EXAFS a ti druz

X-Ray Absorption with
Strong NEXAFS Features and
Weak EXAFS Oscillations

NEXAFS EXAFS
Em——— . —

Absorption Goefficient

3
Photon Energy [¢V]

I Nzle energie fotoelektronu (do 50 eV)

I XANES (X-ray Absorption Near Edge Structure)
I NEXAFS (Near Edge X-ray Absorption Fine Structure)

I Vysole energie fotoelektronu (100{1000 eV)
I EXAFS (Extended X-ray Absorption Fine Structure)
I Ucowan struktury, zejmena nekrystalickch htek
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XMCD howto
XMCD (X-ray M agnetic Circular Dichroism):
sample is magnetized, measure the di erence between alsorp
of left and right circularly polarized x-rays

photon helicity
parallel

X-rays —_— magnetization
NAAANANANANAN
~t—
antiparallel

*) ()

XMCD  —
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L,.3 edge of magnetic systemansition metals)

o

XMCD sum rules:

L, Ls ﬁ L3' isotropic
i I\ 34 absorption |
Ty L By adding, subtracting and
©2r e g
je dividing the peak areas,
— chemically-speci C spin, orb
g and o= spin Can be obtained
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What can XMCD do for us?

I Through thesum rules XMCD can inform about spin and
orb Separately

I For compounds, magnetic state of each element can be
explored separately

I Employing sum rules on experimental data may require
substantialtheoretical input
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Problems with sum rules
Approximations involved in its derivation:
I Transition to a well-de ned single band

I Core hole neglected

I Could be at least partly corrected for by renormalization,
scaling and/or varying the_,.3 edge integration ranges

I Justi ed when studyingseries of related systems
One can assume that the corrections will be similar for each
member of the series
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T, term: A feature, not a bug !

3 in+7T
™ ( L. 2 L,)dE = _spn ~ * 'z
A Nh
Ia integrated isotropic absorption spectrum
spin  d component of the local spin magnetic moment
Nh number of holes in thal band

T, d component of magnetic dipole operator

T, = -fz = %[ R ),
T, is a measure of thasphericity of spin magnetization

spin Can be obtainedbnly in combination with T, !
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DoesT, term really matter ?

I For bulk systems it is usually negligible

I For surfaces, monolayers or wires, absolute valueTof i&

I For investigatingtrends of  pin within a series of systems,
what matters is howT , varies from one system to another

I If variations inT, are small, neglect o, causes just an
overall shift of the deduced spin

I CouldT; vary in such a way that the overall trends
of sin+t7 T, and spin Would be quite di erent ?
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To nd out wheter T, may turn nasty or not

Take a series of supported clusters of di erent sizes

For each cluster size, evaluate averagedofomponents
of  spin
1 X Q)
N spin
j=1
R O 4770

spin

N j=1 nﬁl’)

Compare how spin and [ spin + 7 T,]=n, depend on the
cluster size
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Sum rules themseleves can be checked

— I Calculate the spectra theoretically
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Validity of sum rules
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gt T I NN o) Fey / Ni(001)
; 5
S [0 — directly w
© 13 @
e g * — from XAS 5
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o 4 - T ooss
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‘ ‘
number of Fe atoms number of Fe atoms number of Fe atoms

I Trends of the \e ective moments" ( spin + 7 T;)=nn and
orb=np are reproduced well enough

I Applying sum rules to supported clusteirs principle makes
sense

I However, beware of th&, term (see above)



XMCD spectroscopy of clusters: Conclusions

I Sum rules can yield useful information about trends in
( spin ¥+ 7Tz)=np and orp=h
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XMCD spectroscopy of clusters: Conclusions

I Sum rules can yield useful information about trends in
( spin ¥+ 7Tz)=np and orp=h

I However, theT, term is a bad guy | it can completely
reverse the trends of (spin + 7T;)=n and  spin



Prakticky aer (nejen pro magnetismus nanostruktur)

Pokud vte, co cehte, meete si dovolit leccos
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