Magnetism
Two fundamental parameters

1) magnetic moment p or magnetization (order parameter)

Define the intensity of the magnetic field generated by the system, via
H = - grad (u - r /r’) and the intensity of the force acting on the system
if immersed in a magnetic field, via F = grad (u - H)

2) magnetic anisotropy energy K

Define the space direction/s along which the magnetic moment prefer
to align

isotropic:
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Information storage in magnetic memory

TEM images of the magnetic
layer in a MRAM. Each bit is
made of a few hundreds of
grains

GMR Read  Inductive
Sensor Write Element

Collector pole

The bit size and shape 1s defined
during writing by the head

“"-?::'.Z'::-.'}..'.'::' Exchange
Soft Under layer " Break layer

The
dream

. . . A. Moser, et al. J. Phys. D:
Single particle bit Appl. Phys. 35, R157 (2002).



Atom 1n a magnetic field
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Spin-orbit interaction: Ho. Z C(7) 6,5,
Interaction of the spin of an electron i
with the magnetic field generated by e 1 aVir)
its own orbital motion C(7) om2c r or
z i
External
B magnetic fieid

Orbital magnetism: m; =L pg
Spin Magnetism: M¢=g.S pg =2 S pg
Atomic magnetic moment: m_ = pg(L+g.S) =g J, ug =g J g

ug -> Bohr magneton
g =3/2 +[S(S+1) —-L(L+1)]/(2J(J+1)) 1s the Land¢ g-factor



Magnetism of an 1solated atom

Magnetism is given by:

1) The spin moments of the electrons
2) The orbital moments of the electrons
3) The filling of the atomic orbital

Hund's rules:

1) Total spin S = X5, maximized

2) Total orbital momentum L = X.I. maximized

3) L and S couple parallel (J=|L+S|) if band more than half filled

L and S couple antiparallel (J=|L-S]) if band less than half filled

Ground state of a 3d” ion (Co?*)

+2 +1 0 -1 -2

PVt it it

L=3,5=3/2,1=9/2

m =Lu;=3u,, Ground state of a 3d° ion (Mn?")
Ms=g.S Hg =3 Mg, +2 41 0 -1 -2
M, =g T g =6 pg Port i et et

L=0,5S=5/2,J=5/2
m =L ug=0pg,
Mg=g.S g =35 g,
M, =gJlug=5ug



3d elements: gas and condensed matter phase

gas vs. bulk phase
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Bulk magnetism
Most atoms loose their magnetic moment when incorporated into a
crystal (there are only few magnetic solids). The main reason is the

delocalization of the electrons due to the overlap of the wave
functions of neighboring atoms.

Quenching of the orbital magnetic moment in 3d metals:
Experiments show that 3d ions in solids have L~ 0,J~ S and g = 2.
The crystal electric field produced by surrounding ions in a solid defines

a particular set of (real) wave-functions for which the mean value of the
orbital moment is zero (balance of +/- m)).

d wave-functions in cubic symmetry

g
;@b A yryo =12 (142>+1-2)

The crystal field gives a reduction /}" dyn =10
of the orbital moment depending
on its symmetry and strength.

Cg
@E} dy=iV2 (142>-1-2>)
% dy,=iV2 (1+15>+1-1>)

%— d =12 (1-13-1+1)



Localized magnetism -> 4f and 5f states of the rare heart
Itinerant magnetism -> 3d (4d, 5d) states of transition metals

[tinerant magnetism
[tinerant magnetism -> delocalized electrons -> electronic bands

Stoner Exchange interaction:

Is the energy necessary to reverse the
spin of one electron in the sea of all
the other electrons -> spin up — down
bands are shifted by 0 = 1-2 eV

nE) | E

dt
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non magnetic state

Non magnetic state ->nT = nl
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Magnetic state

magnetic state -> splitting of electronic bands corresponding to
opposite spin direction ->nT # nd (8 band shift)

Spontaneous magnet -> AE = n(Ey) &% f{(J) <0

Depends on n(E;), 0, and J

s bands are extended -> do not affect magnetism
d bands are localized -> their splitting determines the magnetism



Fe 1s magnetic

LDOS (States/eV)
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S. Blugel Phys. Rev. Lett. 68, 851 (1992)

Spin moment
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Material N holes msP
Fe 3.4 2.19 226 | -0.07
Co 2.5 1.57 1.64 -0.07
Ni 1.5 0.62 0.64 | -0.02

J. Stohr and R. Nakajima, IBM J. Res. Develop. 42, 1998; O. Eriksson et al., Phys. Rev. B

42,2707 (1990).
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Surface magnetism

Narrowing of the electronic band due to the broken

symmetry at surface

2 ML Pd on Ag(001) 2 ML Pd on Ag(001)

Surface layer
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1) The Pd bi-layer bandwidth is wider than that of the mono-layer
Mean coordination in the bi-layer is larger than in the monolayer

| 2 on Ag

2) Non magnetic elements in bulk state can become magnetic: Ex. Pd, Pt

3) The LDOS at the Fermi energy decreases moving from left to right
a) The magnetic moment of the atoms in the surface layer of the 2 ML

Pd film have a larger moment than the atoms in the interface layer
b) The magnetic moment is larger in the 2 ML film than in the 1 ML

film

S. Blugel Phys. Rev. B 51, 2025 (1997)
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LDOS (States/eV)

The electronic density at the Fermi level n(E;) increases moving
from 5d to 4f elements
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d DOS at Co spheres  [states E-"-."'1]

Co clusters on Pt(111)
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Note: asymmetry in the Pt
LDOS at E; when covered
by Co-> induced magnetic
moment

Size dependence

Reduced asymmetry by
increasing the cluster size ->
. reduced magnetic moment

O. Sipr et al. J. Phys.: Condens. Matter. 19, 096203 (2007)



Cluster magnetism

Two atomic layer high Co 1slands
on Cu(111)

Interface atoms
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The magnetic moment of the atoms in
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J. Izquierdo et al. Phys. Rev. B 55, 445 (1997)



Cluster magnetism

S6=C0 6 00 4= YL A A A
oy e e e
S22 <pu>=1.69 pg

Co/Cu(100)

. Izquierdo et al. Phys. Rev. B
33, 140413 (2001)

Kite A B L [ }] E F
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Co,s cluster —2D

Energy (eV)

In general:

*  Narrowing of the d band at surface -> increased mq

« Larger m, -> larger m; due to the spin-orbit coupling

*  Symmetry breaking at surface -> removal of the m
quenching



XMCD: X-rays Magnetic Circular Dichroism

Two step model:

)

2)

spin-polarized photoelectrons
are created by using circularly
polarized x-rays

these polarized photoelectrons
are used to analyze the spin-split
final density of states, thus the
valence band acts as a spin-
sensitive detector.

Electron energy

Excitation _
o T e '

fim

Photon
absorption

—'—“1)3:"2
2Py

XAS of 3d elements

relativistic electrons

Variable energy
polarized
X-rays

photoemitted
electrons

Magnetic field

e Electron energy
state

Photonenergy

Photons transfer their

angular

momentum to the excited
photoelectrons through the




XMCD theory: basic idea

Photon-electron interaction: dipole approximation

Hint(O,t) ~I'E, |8, exp(-iot) + c.c.]

The dipole operator P '=r-g, can be written in terms of Racah’s tensor
operators (where Y| are the spherical harmonics)

4

(1) 1 A
q = 0 -> linear polarization +1 + \/j (x+iy) =r d 3 1,41
q = +/- 1 -=> circular polarization _ 7]
P[[]:I) - z = ?‘C'T[g” =r %Yh{]

The photon absorption generates a transition from an initial core level to
a final level close to the Fermi level (note that the spin 1s not affected)

_ 1 1

i) = Ri(r) |e,me; s = E,m,j)  — f) = Ry(r) |l,my; s = 501 o)

. (1) o i\ - (E:tm]“:tﬂl—l]l (1) i . _ {E:Fm+2}[g:|:T??+])
et = tms )= \/ 220 — 1)(20 + 1) GmiGali+tmzl) = \/ 2020+ 3)20+1)

B (I—=1)+ (2l — 1)ym + m? B {l+3)F (20 + 1)m +m?
- 2020 — 1)(20+ 1) - 2020+ 3)(20 + 1)

(L+1)2 — m?
(20 +3)(20 + 1)

12 — m?

— domlCSV )+ 1,m)y =
212+ 1) (Lm]Co |l +-1,m)

(Lm|C‘f,”|£ —1,m)

Table 1.3: Electric dipole matrix elements (I, m;|Cé;”|c:,mc.} in the one electron model. The matrix
elements are non-vanishing when ¢ = [ — 1 (left column) or ¢ = [ + 1 (right column), and when
me + g = my. g denotes the state of polarization of the photons which mix the states |l,m;) and

le,m.).
Remember: things become easily complicate. For example, if spin-orbit
interaction is not negligible the (L, m;, S, m) is not the good basis and you
have to use the (L, S, J, m;) basis




Right (Am =+ 1) and Left (Am = - 1) circularly polarized photons
create photoelectrons with opposite spins.

Since: My, M,

Ps, (LFS coupling) N
Py, (L-S coupling)

The spin polarization of the

photoelectrons generated by circularly

polarized light is opposite at the L; and  _Z

L2 edges -E}:ﬁ =% -l'izp:-‘i +r
Transition probability represented by the line
thickness for right circularly polarized x-rays.
For clarity the transitions to the 4s levels are

neglected (account for less than 5%)
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M spindown E A
B spinup
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Sum Rules

Separate determination of orbital and spin moment
(actually their projections along the ligth propagation direction)

mg =-3 1y B (Az-2A,) + My
my =-21ny pg (A3 +Ay)

Where A, (A,) 1s the XMCD measured at the L, (L,) edge, n;, 1s the number of
unoccupied d state (number of holes) and my is the magnetic spin dipole
moment (T=S-3r1(r-S)).

These rules hold only for itinerant magnetism

30 ML Co/Pt(997) XMCD: the difference
1 — T ] between the XAS spectrum
a) - - acquired with R and L
polarized light
Operatively:

1) Measure of the XAS spectra
with light polarized R and L
in a saturating external

;E _ » f o x ”:’ | magnetic field

Z:/ - 2) For fcc and bee

> crystallographic structures a
. magic angle (~57°) for the
2 Ou-wr photon incidence exists at
;Q: R Az | which m; =0

E 3) XMCD acquired at different

: ' ' ' | angles gives m . m, . and m
760 770 780 790 800 810 820 gles g s> T T

Photonenergy (eV
gy (V) B. Thole et al., Phys. Rev. Lett. 68, 1943 (1992)

P. Carra et al., Phys. Rev.Lett. 70, 694 (1993)
J. Stohr and H. Konig, Phys. Rev. Lett. 75, 3748 (1995).



N1/Pt multilayers
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X-ray absorption spectra for a Ni,—Pt, multilayer: (a) x-ray absorption
coefficients for R (W"(E)) and L (U (E)) circularly polarized x-rays at the Ni
L2,3 edges in the soft x-ray range, (b) isotropic XAS at the Pt L2,3 edges in

the hard x-ray regime, (C) XMCD spectra at the Ni and Pt L2,3 edges

XMCD # 0 -> N1 is magnetic (as usual), but also Pt 1s magnetic

F. Wihelm et al., Phys. Rev. Lett. 85, 413 (2000)



Fe/V/Fe(110) trilayer

—— W'-|i" (highlighted)

Normalized XAS, XMCD (arb. units)
o

520 540 700 720 740
Photon Energy (eV)

Normalized XAS of L (dashed line) and R (solid line)

circularly polarized light and the XMCD at the L2,3 edges

of V and Fe for a Fe/V4 /Fe(110) trilayer.
Antiferromagnetic coupling: XMCD signal for V and Fe have

opposite signs

The induced magnetic moment in the V atoms strongly reduces
with increasing the V thickness

_ : — Fe-Vy—Fe {110

Sum rules can not be applied 02k e Fa,—Fa (110
L — Fe-\,—Fe {110

A — Fe-\g—Fe (110

due to overlapping between
2p'”2 and 2p?” states

Morm. XMCD (arb. units)
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A. Scherz et al., J. Appl. Phys. 91, 8 Fhoton energy (eV)



Single atoms on metals surfaces

Fe, Co atoms (<0.01 ML)

Cs, K, Na, or Li film

Cu(100)
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The spectra do not depend on
the magnetic field direction ->

P. Gambardella et al., Phys. Rev. Lett. 88, K=0
047202 (2002)



Atomic like behavior: soft interaction with the substrate
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XAS (a. u.)

XMCD (a. u.)

Ug / atom)

—

'

Co/Pt(111)

Isolated atoms

(111)
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The orbital moment strongly
decreases by increasing the cluster

size -> coordination effect

Bulk stile spectrum: .

m
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P. Gambardella et al.,
Science 300, 1130 (2003)

STM image 85 x 85 A2

The spectrum depends on the
magnetic field direction ->
K # 0 (anisotropic system)
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Interaction with the substrate

. : Fe/la
The interaction strength 2 c)Feild
depends on the electronic =
state of the substrate g
The interaction influences . _ b) Fe/Na
both: Evolution 3
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(@) XMCD at the Ni L, 5 edges for two multilayers with constant Pt thickness

(5 ML) and variable Ni thickness (Ni—Pts). (b) Pt L, ; edge XMCD for three
multilayers with constant Ni thickness (2 ML) and variable Pt thickness (N1,—Pt.)

n (ML) m (ML) Mwi (g fatom) M (g fatom)
2 5 .24 (.09
2 2 (.39 .17
O 5 (.47 .17
0 2 (.49 0.29
| 3 3 (.54 (.21
Bulk Ni 061 [18]

XMCD data for the average total magnetic moment of Ni and Pt. The induced
moments are larger for thin Pt and thick Ni layers. The Ni magnetic moment is
always reduced compared to the bulk (see the last row). The effect is stronger for
thin Ni separated by thick Pt layers. The error bars are typically of about 10%.



