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Outline
-

Introducing clusters, magnetism and cluster magnetism
Electronic properties and magnetism of clusters (at 7'=0)
Magnetism of clusters and of crystal surfaces

Exploring magnetism through spectroscopy (XMCD)

Finite temperature magnetism of clusters
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Nomenclature

-

Clusters = systems of tens to hundreds of atoms

Radii from ~6 A for a 100-atom cluster to ~15 A for a 1000-atom
cluster

Supported clusters — adsorbed on a surface

0000000000

Free clusters — giant molecules, surrounded by vacuum
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What can we expect?

-

® Clusters mark the transition between atoms, surfaces and bulk
systems

O
0000

® |[nteresting phenomena (and a lot of fun) can be anticipated

®» Our main focus will be on their magnetic properties

o |
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Where does magnetism come from?

L, N

Classically: Magnetic field is something produced by moving
electric charges that affects other moving charges

® Special relativity: Magnetism is a fictitious force needed to
guarantee Lorentz invariance when charges move
[It's Einstein year!]

® There is nothing like “magnetic force”; electrical Coulomb
Interaction is enough.
One observer may perceive a magnetic force where a moving
observer perceives only an electrostatic force.

® Dealing with magnetism in the framework of Dirac equation is
iIdeologically simple — no need for magnetism to be introduced by
God (as it is the case with Schrddinger equation).
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Two ways of moving an electron

o N

(A quick and dirty introduction to magnetism)

® Orbiting: Q

$ Spinning: 1



Orbital magnetic moment (1)

Classical expression for magnetic moment:
Horb = IS — Horb = _,UBL
where g IS Bohr magneton ©
e
= h
1B om.

and L is angular momentum devided by 5.

For electron orbiting around an atom, the z-component of orbital
magnetic moment is thus

() _ _
Forb = mepB

Lwhere my 1S the magnetic quantum number. J
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Orbital magnetic moment (2)
-

Practical evaluation of orbital magnetic moment of
electrons in a solid:

() _ 1B e 3 |
Horh, = —~— Im Tr dE [ d°r 8L, G(r,7; F)

£ 1s Dirac matrix
L. is the z-component of a 4 x 4 matrix vector I, ® L
G(r,r; E)is a4 x 4 Green function matrix.

Even more practical evaluation of ji,1,:
Find it in the output of the sprkkr program.
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Spin magnetic moment (1)

o N

Electron spin: Picture of a rotating charged sphere fails (again .. .)

Horb — — UB L vers. Hspin — — 2 HB S

(L is angular momentum connected with orbital mo-
tion and S is angular momentum connected with the
“spin motion”).

For electron around an atom, the z-component of
spin-related angular momentum is

h o, I

hence we get for a z-component of spin-related mag-
netic moment

1
() — 4=
S 2

(2)  _

luspin T :|:,LLB :
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Spin magnetic moment (2)

Practical evaluation of spin magnetic moment of elec-
trons in a solid:

I0z; b
pE = 2 mT / dE/d?’rﬁaz G(r,7,E)
m — OO
o, IS the z-component of a 4 x 4 matrix vector I, ® o I

|
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Magnetism of Fe atom

o N

O

Magnetic properties of atoms are governed by Hund rules

Electron configuration: 3d%4s2

® Spin magnetic moment: pepin = 4 up

» First Hund rule: Total atomic spin quantum number S = » " mj
IS maximum (as long as it is compatible with Pauli exclusion principle)

® Orbital magnetic moment: uq1, = 2B

# Second Hund rule: Total atomic orbital qguantum number
L =) my is maximum (as long as it is compatible with Pauli exclusion
principle and fi rst Hund rule)

o |
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Bulk Fe

|7 ® Generally: Magnetism is suppressed in the bulk
(with respect to atomic case)

® Spin magnetic moment IS pgpin ~ 2.2 pup per atom

® The orbital magnetic moment is quenched (outright zero in
non-relativistic case)

o Intuitively: Electron are not free to orbit around atoms

» Relativistic effect: The quenched orbital moment is partially
restored by LS coupling (uor, ~ 0.051 5 per atom)

o |
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Surfaces are magnetism-friendly

o N

®» Atoms at surfaces exhibit some atomic-like charac- OOOO
teristics

® Spin magnetic moment is larger than in bulk; for Fe it is
Uspin ~ 2.5=3.0 up per atom

® The orbital magnetic moment is increased by an even larger
percentage, torp ~ 0.07-0.12 g per atom

o |
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Magnetism of Iron: summary

-

O 0000
atom surface
I Hspin =4 "B Mspin =2.5-3.0 "B Mspin =2.2 "B

Q Horb — 2 HB

Horb =0.07-0.12 "B Horb =0.05 "B

(clusters go in between)

Clusters contain a high portion of surface atoms
= ought to have larger magnetic moments
their properties should display traces of surface and bulk trends J
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Why all the fuss with i1, ?

Lorb 1S SMall but important ! ©

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

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

AEMAE — const x (l“l'(|)|rb — l'l’cJ)_rb)

where pﬂrb and p, are orbital magnetic moments for two
perpendicular directions of the magnetization M

|
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Ground-state magnetic properties
of clusters



System we study

o N

® free spherical-like Fe clusters with geometry taken as if cut from a
bulk bcc Fe crystal

® cluster size between 9 atoms (1 coordination shell) and 89 atoms
(7 coordinations shells)

shells atoms radius [A]

Fe cluster
27 atoms 1 9 2 49
view in Z direction 2 15 2 . 87
a1 shal 3 27 4.06
© @ 2nd shell 4 51 4.76
@ istshell 5 59 4 97
@ comer 6 65 5.74
7 89 6.25

o |
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L_owering of symmetry

-

» Magnetization and spin-orbit coupling lowers the symmetry of our
systems

® Atoms belonging to the same coordination shell may be
iInequivalent

® C(Classes of equivalent atoms depend on the direction of
magnetization M

Fe cluster
27 atoms

view in Z direction

3rd shell
O @ 2nd ghell

@ 1st shell

@ center
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Theoretical formalism

-

LDA scheme

cluster calculations done in real space via a fully-relativistic
spin-polarized multiple-scattering technique as implemented in the
SPRKKR code

crystal surfaces treated as 2D finite slabs (fully-relativistic
spin-polarized TB-KKR method)

spherical ASA approximation

empty spheres put around the clusters in order to account for
spilling of the electron charge into vacuum

|
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Magnetic profiles of clusters

-

L ocal magnetic moments:

tspin @Nd o, €an be attributed to in-
dividual sites by performing the inte-
grations

fapin ~ / & B0, G(r,r, E)
and
Lhorh ™~ /dSTﬁLZ G(r,r, F)

over atomic spheres

|
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Free Fe clusters — the results

s T T 015F T T T T T3

30F ] o 9

® /ispin dOES Not depend on the **! g9 atoms I P 5

direction of M e T
for inequivalent atoms of ol 1 ot

the same coordination ﬂwi/ I st b
Sphere Hspin IS the same 20+ 1 6 ®

00 o BJ[001]

R
e Lop depends on the direction s 0 :
of M Zois| °/
53.0» 27 atoms g 01l 27 atoms &
for inequivalent atoms of 5o Sowsi, 4
the same coordination |
sphere uor, differs °
iy
e Lo averaged over coordina- 015}
tion spheres does not depend | gatoms | O‘; 9 atoms

on the direction of M T A RN & S
0 2 4 6 0 2 4 6
distance from cluster center [/&] distance from cluster center [/&]
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DOS In clusters and 1n bulk

f ® Atomic-like features present in DOS of clusters T
® DOS in the center of clusters approaches the bulk quite slowly

me hulk me Hhulk me hulk
—— central atom —— central atom —— central atom

3 | 927-atoms cluster | 3 | 89-atoms cluster |

—5IIII0I 5) —5IIIIO 5) —5IIII0 5)
energy above Ep [eV] energy above Ep [eV] energy above Ep [eV]
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Clusters and crystal surfaces



Clusters vers. surfaces: HOWTO
f {100} surface | oot (100 T

» &
] . . . . O’) ’ O’)
#® take free iron cluster of 89 IR P 1P
atoms er ,o')‘é -,&ov’ [010]
» & & —
® drill a hole into this cluster ¢ o s a2 10
° e | °° spherical cluster of 89 atoms
o o bulk iron geometry
® inspect DOS, pspin and o e o
liorp, @round you and Coe
compare them with what
you see beneath a crystal °
surface .« o b o
@ shell 0 (up to 1 atom)
@ shell 1 (up to 9 atoms) PY PS

® shell 2 (up to 15 atoms
shell 3 (up to 27 atoms,

(
(
( )
® explore various “crystallo- .g;
( )
( )

() shell 5 (up to 59 atoms
shell 6 (up to 65 atoms,

graphic directions” .« o e

o R
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DOS proflle In clusters and at surfaces
. ———————— ® 89-atoms cluster
f = i o T

® (001) crystal surface

» Comparing “most
analogous atoms”
of both systems

® Surface converges to

— cluster bulk much more quickly
““““ surface than clusters
bulk

|
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A lot of profiles, a lot of data = a lot of chaos...

|s there a way out?

o |
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Dependence of figpin ON Neg

Effective coordination number: >
for a bcc crystal one defines | Y 5glrtﬁters
Negr = N1 +0.25 x No, =30/ X e surfaces
where N, is number of 15t = | Y |
neighbors and N, is number of £ 55! X, O
2™ neighbors. s | i % I

2 ' O & 1
[D. Tomanek et al. PRB 28, 665 & [ 2 éz \O ]
(1983); J. Zhao et al. Physics Letters § | O =g @ (001) X
A 205, 308 (1995)] - 65 (ﬁ?

15l 89 (111)

Empirical model dependence: R
Hspin = —0.21 X Neg + 3.94 ° eﬁectivezcoordinatign number?\leﬁ: N, +80.25><N2 w0

No simple dependence works for the orbital moment yo.,.

|
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Large clusters via pigpin( Neg)

-

. 4 K== pgrin(Nesr) model (this work) i

Iy

£ 30r ,' A A —  experiment (Billas '93)

© & \

2 ! ‘

o8l ‘* .

£ y -

g x \ A

Iz A A A

T T * 3 © s 1

€26 Pk A N |

@ I \, =K, ]

E “&\" *.—'*r~’~.*‘*. i

S i * ~'*~*“"*’k"}@.—-'

S24r \ A -

s | A PN ]
[ A, A A

2.2 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 | 1 1 1 1 | 1 1 1 1
100 200 300 400 500 600 700 800

size of free clusters [atoms]

Assumption: clusters grow by filling successive coordination spheres;
within a sphere, atoms adsorb so that they have max. coordination

Magnetic moment of whole clusters (per atom) can be compared with
experiment [I.M.L. Billas et al. PRL 71, 4067 (1993)]
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Magnetism In clusters: summary

L, N

In free clusters, pspin and pop are enhanced at atoms close to the
cluster surface.

® ., atindividual atoms strongly depends on the direction of M.
However, the anisotropy in .1, averaged over whole coordination
spheres is very small.

® Osclillations both in pgpin and in pe,, are a general feature of

magnetic profiles in clusters and at crystal surfaces.
These oscillations are more pronounced in clusters than at crystal
surfaces.

® ..., In clusters and at crystal surfaces depends linearly on Ng

o |

- p.32/55



Spectroscopy



What can XMCD do for us?
- -

®» XMCD spectroscopy probes the magnetic properties of materials

® Through the sum rules, XMCD can inform about pispin and oyt
separately

» [, 3 edge: sum rules give access to the d components of jispin
and uqrp (for transition metals, that’s what we want)

® K edge: sum rule gives access to the p component of riq1,

® Employing sum rules on experimental data may require substantial
theoretical input

® Theoretical modelling should provide an intuitive understanding of
what is going on J

.
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Our setup

-

Helicity of the incoming photons is parallel or antiparallel with the cluster
magnetization M (coincides with the [001] direction in the parental
crystal)

photon helicity

parallel o
X-rays — magnetization
N NN NN
~——
antiparallel [001]

|
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Some more detalls

-

Spectrum of cluster is a superposition of spectra at edges of
iIndividual atoms

The spectra do not depend on the direction of M

# magnetic anisotropy in bcc-like Fe clusters is practically
negligible

» average of u.., over all atoms does not depend on M either

Core hole neglected

Fe L, 5 edge: localized, should not be very sensitive to cluster
geometry (i.e. size)

Fe K edge: delocalized, should be sensitive to cluster size

|
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Lo 3 and K edge spectra of Fe crystal

-

L, ;-edge XANES [Mb]

N o

o

L, ;-edge XMCD [Mb]
N

= =
o ol

(&)

— photoel. decay included ]

energy above Er [eV]

without photoel. decay 4
experiment
| I T TN TN T NN NN TN RN SN NN S
0 10 20

o
o
@

K-edge XANES [Mb]
o o
o o
o N

a1

K-edge XMCD [10°° Mb]
(6)] o

\-f—"/\

0 10 20 30 40

-\\/"\-"w-z

o

10 20 30 40
energy above Er [eV]

-

|
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L+ 5 edge XAS of clusters

- free cluster
mmm bulk crystal

e No significant variation with
cluster size

e Fine structure just after the Ls
white line — presence of truly
discrete states (vaccum level is
5-8 eV above Ef)

e Smoothening of peaks for larger
clusters

L, 3 edge XANES of clusters (per one atom) [Mb]

0 10 20
energy above Eg [eV]
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Lo 5 edge XMCD of clusters

Similar shape for clusters and for
the bulk

Peak intensity systematically
decreases and peak width
Increases with increasing cluster
Size

No systematic variations for
areas of peaks (cluster
magnetization oscillates with
cluster size)

Small yet distinct positive hump
just after the main L3 peak

L, 3 edge XMCD of clusters (per one atom) [Mb]

A N o N

L
_%#é’ =
— N
N
1%
L

10
energy above Ex [eV]

|
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Where have all the structures gone?
B o o
I.!I'n,"rl'-. | ' JMK

-

m) [Mb]
iﬁm')
2 gf ]

—
L,.5 edge XMCD of clusters (per one ato
3 .
gL o=
5° =
m =8
E is
T @
2 8%
s e 5 S @
@
3

e | 0 5 10 15 20
Fe(001) surface Feo>Cug (001) multilayer
[Wu et al. PRL 71, 3581 (1993)] [Guo et al PRB 50, 3861 (1994)]

Calculated XMCD of Fe surface or multilayers exhibit quite a
pronounced fine structure at the Fe L3 and L, edges.

Calculated XMCD of clusters display no such fine structure.

o |
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The wiggles in XMCD mutually cancel!
B — IR

Fe cluster
27 atoms

view in Z direction

3rd shell
O @ 2nd ghell

@ 1stshell
@ center

Spectrum of the whole cluster
IS a superposition of signals
from all individual atoms

center

L, 3 edge XMCD of a 27-atom cluster [Mb]

= indiv. atoms (maj. gr.)
== indiv. atoms (min. gr.)

=umm Whole cluster
| 1 | 1 1 1 | 1 1

energy above Er [eV]
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K edge XAS of clusters
f — freecluster T

mmm pulk crystal

e Difference between clusters and
bulk larger than in the case of
ngg edge

e Small clusters give rise to higher
Intensities in the low-energy lobe
of the main peak

e Even for the 89-atom cluster, dif-
ference between cluster and bulk
XAS remains

K edge XANES of clusters (per one atom) [Mb]

Il I Il Il Il Il I Il Il Il Il I Il Il
0 10 20
energy above E [eV]
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K edge XMCD of clusters
N st .

e Size affects not only shape and
Intensity of individual oscillations
but also their positions

_g\/\———\_’
— free cluster

bulk crystal

—5/1\/\’\_»

e Peak around 1 eV suppressed
for most clusters

e K edge XMCD more sensitive to
the cluster size than L, 5 edge

K edge XMCD of clusters (per one atom) [10'5 Mb]

d wW o w o
— —
=
(@3]
[ R (N T

..............
0 10 20
energy above Eg [eV]
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XAS and XMCD of clusters: summary
., -

Difference between electronic structure of Fe clusters and of a Fe
crystal is reflected by the difference in their XMCD

#® This difference is more significant at the K edge than at the L 5
edge

® The L, 3 edge XMCD of the clusters differ from the bulk only
guantitatively through higher intensities of the dominant peaks.

® Small yet distinct positive hump just after the L; peak — a marker
of “clusterization” in XMCD spectra?

® The K edge XMCD spectra of clustersdiffer significantly from the
bulk

o |
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Magnetic properties of clusters
at '’ # 0



Finite temperature magnetism

o N

For localized moments, finite temperature magnetism can be described
by a classical Heisenberg hamiltonian



Mapping DFT onto Helisenberg
-

Comparing energy associated with infinitesimal rotations of local
magnetic moments —-

- ., ..
Ty = - [aE T [0 ) -

[Liechtenstein et al. (1986), involving multiple-scattering formalism,
linear response theory, spin-polarized local force theorem and long
wave approximation]

Valid only if magnetism can be described by localized magnetic
moments (fine for Fe)

o |
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From J;; to M (T)
o - | .

® Mean magnetization M (T) of a system described by a classical
Heisenberg hamiltonian is

Zk M, eXp(— G )

M) = >k €xp(— kBT)

where M, is the magnetization of the system for a particular

configuration & of the directions of spins and E;, is the energy of
such a configuration

® Practical evaluation: Monte Carlo method with the importance
sampling Metropolis algorithm

® For bulk Fe, this procedure yields finite-temperature results that are
In a good agreement with experiment

o |
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Dependence of J;; on the distance

o N

Atom i Is in the center of an 89-atom cluster and the atom j belongs to
subsequent coordination shells of that cluster

30 | | | | | | I | | | | | | I | | | | | | I | | | | | | I
- crystal ]
_20F 89-atom cluster 7
> I i

(€D)

S 10k _
| ]
Ok -

_10 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |

4 6 3 10 12

distance between pairs of atoms [a.u.]

|
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Site-dependence of > ., J;;
- -

Energy needed to flip the spin of atom ¢ while keeping all the remaining

spins collinear:

j#i
1 1 1 1 1 1 1 1
00 o 51 atoms
= L, 89 atoms
é L l¢'ll‘l,‘||ll||_‘-"
_200 - ~
) Sy ’,
Al " -
i_ === 9 atoms
100 15 atoms ]
] ] ] ] ] ] ] ]

0 1 2 3 4 5 6 7
L subscript of shell J
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M(T) in clusters and in bulk
-

M (T') curves are more shallow in clusters (no phase transition for finite
systems)

O~
— : o
¢ P~ 60— 89
vV A
- '~ E—8 65
SIS M A — 27
--E;Er“t_ \J
== N — bulk
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- e
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/

| | | | | | | |
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Shell-resolved magnetization

o N

Projecting magnetization of given shell onto the direction of the
magnetic moment of the whole 89-atom cluster

w
T

N
T T

[EEN
I I

Magnetisation per atom  [1i;]

O | | | | | | | | | | | | | | | | | | | |

|
0 100 200 300 400 500 600 /00 800 900 1000 1100
T [K]
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Dependence of 7. on cluster size

Critical temperature defined as the inflection point of M (T') curves

Extrapolation techniques used for bulk (fourth order cumulant)
Experiment of Billas et al. (1993)

1100
1000 |~ —
900 — —
.E. 800 — —
o el
700 o -
o0—oO Cluster ab-initio Jij
600~ bulk, theory N
—I—- . —I— Cluster, experiment
500 — —
400 | | | | | | | | | | | | |
0 20 40 60 80 100 120 140

Number of atoms

|
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T = 0 magnetism: summary

-

Exchange coupling constants .J;; in clusters differ from the bulk,
with no obvious systematics (= one has to calculate it...)

Magnetization M (T') curves are more shallow from small clusters
than for large clusters

Magnetization of the outer shells decreases with temperature more
quickly than magnetizatin of inner shells (usually...)

Critical temperature T, oscillates with cluster size

|
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Cluster physics in a nutshell
- -

® Anything that can oscillate, will oscillate

® Using bulk data (potentials, exchange constants, ...) for cluster
calculations does no good

® F[or best results, use the sprkkr code

o |
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