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Stefano Rusponi, Raphael Butte

Objectives :  Introduce students to the magnetic and electronic properties of nanostructures
Content:
1)  Magnetism at the nanoscale :
a. Orbital and spin magnetic moment: from single atoms (0D) to thin films (2D) and bulk materials (3D)
b. Surface supported nanostructures: the effect of the supporting substrate on the cluster magnetic properties
C. magnetic anisotropy and the superparamagnetic limit in magnetic data storage
d. Exchange energy
e. Single atoms at surface
2)  Electronics vs. spintronics :
a. 2D electron gas at heterogeneous semiconductor interfaces
b. A new 2D material: the electronic properties of graphene
c. Spin transport: spin valve, GMR and TMR
3)  Epitaxial growth of metallic 2D nanostructures :
a. Cluster nucleation and aggregation: the importance of kinetics
b. Controlling shape and composition of 2D clusters grown by self assembly methods
c. Building clusters with specific magnetic properties
4)  Semiconductor Materials for Photonics
a. Physical properties
b. Applications
5) Fabrication and Structural Properties of quantum dots
a. Epitaxial growth (Stranski-Krastanov and pyramidal quantum dots)
b. Chemically synthesized nanoparticles (CdSe quantum dots)
6) Electronic Properties of quantum dots
a. Quantum confinement effects (from 2D to 0D)
b. Electronic states: excitonic complexes (excitons, biexcitons, trions), dipole moment (Stark effect)
c. Exciton-phonon interactions (temperature dependent exciton linewidth), phonon wings, polaron complexes
d. Light-matter interaction in quantum dots (Purcell effect and strong-light-matter coupling)
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X Back to basics: magnetization sources and
Intrinsic parameters

X Understanding and controlling the
magnetic properties of the nano world

Copy of the slides can be found at the address
Ins.epfl.ch -> Lectures -> Magnetic and semiconducting nanostructures

Fédérale de Lausanne
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Magnetotactic bacteria synthesize
magnetic particles between 30
and 100 nm, big enough to have a
permanent magnetic moment, but
small enough to be a single
domain.

[images by R. James, University
of Western Australia; see also R.

Credit Card

Blakemore. "Magnetotactic
Bacteria." Science 190, 377
(1975)].

Magnetoreception and its trigeminal
mediation in the homing pigeon

MRAM: Magnetic Random Access Memory Cordula V. Mora's, Mictiael Davison, J. Martin Wild"
Nature 432, 508 (2004)
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Head S
Magnetization into the plane

Magnetization out of the plane
Disk Rotates

This Way

Track Hard Magnetic
Width =« :i: = 2 B e e ey Recording Layer
----- {(CoCrX granular alloy)
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Height Exchange Break Layer .
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The writing-reading head is flying over the continuous
magnetic media
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Conventional Media vs. Patterned Media IH,'T’t\.Crt"t

Conventional = e ,Patterned Magnetic Media
Multigrain Media //>< T

0+ magnetization
© - magnetization

IR s ard
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.l YU .I'l ofB.m, 0000V ¢ o / 5‘(\09“6
Ldspyien gl L% JGO/
\‘ “ ks
magneti : © R\
trangition bit cell . ,“ A

recorded | g
data track 9

Each bit is made of a few hundreds of

grains (to have a good signal to noise . : :
ratio). The bit size and shape is defined The future: single particle per bit

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

All spins (w;) in the grain are
ferromagnetically aligned

grain

~

Exchange length =5 - 10 nm

The grain (particle) can be described
as a single macrospin p=Z; W

The macrospin direction change from grain to grain -> magnetization easy axis
(magnetic anisotropy)

To have a net signal (magnetization) in one direction we have to mean over several grains
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EXC << kT

All spins in the grain must be
ferromagnetically aligned

Coupling is destroyed and the net
magnetic moment is zero
exchange energy J coupling spins

Hoe =235

i#] Domain formation -> cluster magnetic
moment is strongly reduced

\ AN
@
RN

Gain in the magnetostatic U
(shape) energy at the expenses

of the exchange energy
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¥ el

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

All spins (w;) in the grain are
ferromagnetically aligned

grain ‘

.

Exchange length =5 - 10 nm

The grain (particle) can be described
as a single macrospin p =X, W

The macrospin direction change from grain to grain -> magnetization easy axis
(magnetic anisotropy)

-To have a net signal (magnetization) in one direction we have to mean over several grains
-To write the bit we have to define (up or down) the magnetization direction
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- Free atom: the magnetic moment can point everywhere

Surface supported atom or cluster: due to the interaction
- with the neighbors the magnetic moment prefers to point
along a specific direction

Magnetization along a defined axis:
easy magnetization axis

E(0)

—— Superpara

—— Langevin

«——— Magnetic anisotropy energy (MAE)

0 -~ "1} u-B .
I | P ¥ The MAE is the energy one needs to spend to reverse the

magnetization (assuming a coherent magnetization reversal
I.e. all spins turn at the same time)

E(0,6,,90) =—n-B—Kcos’(easy - n)
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B=0 E@®86,¢) =—Kcos’(easy-p)

Ef <<
K kT If K << KT the
magnetization vector Information can not
® isotropically fluctuates in be stored
the space.
-6
El K >>kT
If K>>KT the _
magnetization vector can  Information can be
not switch the versus stored
.,
Avg. time (relaxation time) taking to _ 0
jump from one minimum to the other: T = To EXP(K/KT) 7 ~107
©=1Yyear K=40KkT The MAE determines the thermal
T =1 second K=23kT stability of the magnetization direction

Superparamagnetic limit: the particle MAE must be high enough to dominate the thermal
fluctuations in order to be able to store information in the bit
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Intra-atomic exchange, Inter-atomic exchange:
electron correlation effects:
MAGNETIC ORDER
LOCAL (ATOMIC) MAGNETIC MOMENTS

Hexc = _Z ‘]ijSi ) Sj

i#
d or f electrons

Hund’s rules

J3

————

Spin-Orbit Coupling: Dipolar Interaction:

MAGNETOCRYSTALLINE ANISOTROPY: SHAPE ANISOTROPY
K
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it Ul Magnetization dynamics
Time t = h/E where E is a characteristic energy
MXB>§. B For example:
Lns R TE /' Spin-orbit coupling (SOC)
Thermally-activated SOC =10 meV
magnetization reversal t =100 fs
100 ps

Interactions

spin .
precession 1 -
10 ps 7 Spin-electron
damping
<+<—> | Magnetization
1 ps
%
: : : O{;. \ C_)QJ
| Spin-orbit coupling % o
% $
100 fs S % .
% 5
Magnetic anisotropy 0% )
10 fs

Not In this course
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[Bel89] -> G. M. Bell, and D. A. Lavis, Statistical mechanics of lattice models (Ellis Horwood limited 1989)
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Z Z Ze2 Z eZ Z
atom Z 2 Z 2 Z Z( 'S )f(r) = +Vefe +Vs.o.
i=1 i=1 i<j I’ —T. ‘

Example: the electron in a H atom ->V_,;omp = -€2/4me,r

In terms of the spherical coordinates r, 6, and ¢ the wave
function takes the form ‘Y'(r, 6, ¢) = R(r) ®(0) ®(¢) which gives
three equations. The equation for each of the three variables
gives rise to a quantum number and the quantized energy states TS
of the atom can be specified in terms of these quantum numbers. o
A fourth quantum number arises from electron spin. Two
electrons can not have an identical set of quantum numbers
according to the Pauli exclusion principle.

S

R(r) -> principal quantum number n=1, 2, 3,.. (K, L, M,..) T
O(0) -> orbital quantum number 1=0, 1, 2, ..., n-1

D(d) -> magnetic quantum number m = -1, -(I-1), .... 1-1, |

$ ¢ -> spin quantum number mg = + 1/2

LIJnlm — Rnl (r)YIm
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Isolated atom in a magnetic field
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atom _z (pl +V(r))+z

2

ZZ:(Ii S )EM) + s (L+2S)H=H.+V, . +V,, +V.

Zeeman

i<j ‘r —r i=1
2
E(r) = eh2 5 Lov() Spin-orbit interaction:
2mectr o or Interaction of the spin of an electron with the magnetic
field generated by its own orbital motion
i
a Eﬂerna_l _
Orbital magnetism: L= -Lpg i
Spin Magnetism: =-0.Spug=-2Spug N | 4 I =0L+58
Atomic magnetic moment: m = -ug(L+ g, S) |J1=A(7+1) #

The expectation value of m,; in the field direction is

= (1/B) <LSJJ,| (m_ + mg) -B|LSJJ,> =
=mg<LSJJ,| L, + 2S, |LSIJ,> = pg0,J,
Lg -> Bohr magneton; pz=0.058 meV/T; g =3/2 + [S(S+1) —L(L+1)]/(2J(J+1)) is the Landé g-factor

High magnetic field limit (m,; B > £ LS): Paschen-Back effect

3d transition metals

M, = (1/B) <LSM; Mg| -(m_ + mg) - B |[LSM; Mg> = £=50 — 100 meV -> B >50 T

= Mg<LSM_ M¢| L, + 25, |LSM Mg> = pig(M +2M)
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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 = X;5; maximized

2) Total orbital momentum L = %I, maximized

3) L and S couple parallel (J=|L+S]|) if band more than half filled L _
L and S couple antiparallel (J=|L-S]) if band less than half filled ™ SPin-orbitinteraction

Ground state of Ti (3d2 4s?) Ground state of Co (3d” 4s?)
+2 41 Q-1 -2 +2 +1 0 -1 -2
sd[t [t st 0t
4s |t 4s | 1Y
L=3S=1.J=2 L:3,S:3/2,J:9/2
1 ] :L :3
m =Lug=3pg, m =Lug=5ug,
Ms=0.S g = 2 g » Ms=0,S g =3 Hg ,
s=0eo Up Hp M, =0J g =6 pg

My =09Jug =1pg
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Energy spectrum (3d metals)

1 i<j
\ = 46eV

S=0 Voo = Z (I;-s)s(r)

Singlets. T —— 0.8eV

Zeeman

. = s (L+2S)H
=P 026V
2 “1p 115=0.058 meV/T

/== 01eV

Energy

d8

s=1 /

—_— 3 F ...............................................
Tr| p I ets T — — 3 F

max. S max. L min. J max. J
' (band less than half filled) (band more than half filled)

Multiplets terms: 25*1X; with X=S, P, D, F, G, H, I, ... for L=0, 1,2, 3,4, 5, 6, ...
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Stern-Gerlach experiment on Ag atoms
AQ: 4d1055!  mmmp L=0; S=1/2

—~
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I.M.L. Billas, A. Chatelain, W.A. de Heer, Science 265, 1682 (1994).
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M spindown
M spinup
N ——— E; N~
3d

Ground state of Co (3d” 4s?)
+2 +1 0 -1 -2
sdl 4]t Il

45 | 1Y
L=3,5=3/2,=9/2
m =L pg=3ug,

Ms=0.S ug =3 U ,
My =9J 1g =6 pp

Ground state of Ti (3d? 4s?)
+2 +1 0 -1 -2
d t !

4s | 1
L=3,5=1,J=2
m =L pg=3ug,

Ms=0eS pg =2 U
My=0Jpug=1pg

1) Band formation

2) Crystal field H =H.om

+ Hegg
Heiew = —€0(r)

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

d wave-functions in cubic symmetry -> L ~ 0

Ly

@B dyy=iV2 (142>-1-2))
% dy, =i2 (1+1>+1-1>)
/%* d.. =12 (1-1>-1+1>)

€

Aoy =12 (142> +1-2>)

3
/%— A yy5ps=103
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The periodic potential of a crystal breaks up the atom states and redistributes the valence
electrons in Bloch states -> the quantum numbers nlm are replaced by the band index n and the
wave vector k (and of course the spin)

[St606] Ideal chain Cu crystal
(a) : 2
Cu
X
_______ ._.[F — - —f—h— — —Jp
V4 < a-—>
L e o o e o o
(1 @ 6 @) ) (n)
1 d’ dv dv d¥ d d 0 )
A (@ 3y 3 ' T
! ‘ % [] : :
_— == o
A v i’ a p
E; = E—2; — 1l ™
\§ -
> dyz §§§g—-’ll_::=.—..=== C:—-"———\ S/
E’) d T IR e — -8 %8
g Xz d 2,2 y // §§§ \\ A A 4,
L d. / §§::: - ___._.1_ —
Xy // \
\ o ,
+—+ (R 1-10
A5 2 A
)
1 1 1
0 t/a 0 m/a DOS 8 6 4 2 o & r x
k r
Wavevector k 3 Density of states (Arb. units) Wave vector

In band theory combining orbitals on different atoms corresponds to the formation of Bloch functions which,
for the case of a linear chain of n atoms, are written as:

For k=0 #,0)= 2 d;(n)

¢J(k) :Zdj(n)einka dj :dxy’dxz’dXZ_yz’""
" For k=n/a g(rla)=> d,(n)e"™ => (-1)"d(n)
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4f — —— 4f [St606]
el N Gd*":[Xe] 4f" 65 — Bs
3 Only the external 6s electrons are delocalized but
2 08 they contribute only marginally to the Gd
8 magnetism 11!
=04}
o.

Radius r (units of a,)

Magnetism quantum theory has been developed from two opposite starting points:

a)  The localized model: each electron remains localized or correlated with a determined atom. The intra-
atomic e - e interactions are large and determine the magnitude of the localized magnetic moment on
each lattice site. In contrast, the inter-atomic e - e- interactions are much smaller and compete with the
thermal disorder to establish the magnetic ordering

b)  The band model (itinerant): each magnetic carrier is itinerant through the solid (due to the wave
function overlapping), moving in the average potential of the other electrons and ions. In this case, the
electron levels form energy bands and the weak e- - e- interactions stabilize the ordered magnetic
moments
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- - 7
r= r

U -> coulomb repulsion for electrons on
the same atoms
t -> hopping energy

distance, r

u U/t <<1-> independent and delocalized electrons
U/t >> 1 -> localized electrons

Energy|levels

Y Potential, V

Hop =1 Z (C,,Cop +CoCip) + U(”n”u + n2¢n2¢)

o=Tl
Hopping from atom 1 to atom 2 Coulomb repulsion U of electrons with
conserving the spin opposite spin on the same atom

C";, creates an electron with spin ¢ on atom i n;, gives the number of electron with spin ¢ on atom i
INSTITUTE OF PHYSICS PUBLISHING EUROPEAN JOURNAL OF PHYSICS
Eur. J. Phys. 23 (2002) 11-16 PII: S0143-0807(02)23512-6

example The Hubbard model for the hydrogen
molecule

B Alvarez-Fernandez and J A Blanco



; . . )
The Anderson impurity model -(Iﬂ-

The Anderson impurity model describes a localized state, the 3d-state, interacting with
delocalized electrons in a conduction band.

Ground state ¥, and operators a* annihilate or a create a specific electron.

For example, an electron can hop from the 3d-states to a state in the (empty) conduction band,
i.e. | ¥,at5,a,>, where a, indicates an electron in the conduction band with reciprocal-space

vector K.
Hamm = 83da§da3d T Uddazdafida;dafid + Z 8Vkaikavk

k

+h3d ) (alqavi + aly azq)
k

These four terms represent, respectively, the 3d-state, the correlation of the 3d-state,
the valence band and the coupling of the 3d-states with the valence band

Coordmation Chemistry Reviews 249 (2005) 31-63

Review

Multiplet eftects in X-ray spectroscopy

P.W. Anderson, Phys. Rev. 124, 41 (1961) Frank de Groot*
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Stoner model for 3d band and nomenclature Stoner Exchange interaction A:
s;==% 8=4% Is the energy necessary to reverse the spin of one
\‘/ electron in the sea of all the other electrons ->
’iext ik Energy spin up — spin down bands are shifted by A = 1-2 eV
* Empty states, h
: “holes” . 0 3
Zgg(;"tj E \DOS | <Sz>_§(Ne -N;)
. A
e o 7 S O
Majority of Minority of 2 ’ 2
electron spins electron spins
m|=—-2u.(S, )/ h
| “Maijority band” | | [ “Minority band” | ‘ ‘ Hp < z >
Fe IS magnetlc Os |s non- magnetlc

i d'band . spm -+ S In:.-s-r {]5 on Ag ‘
Zr |

LDOS (States/eV)
o

rOs -> 5d° 4652

~2 Fe ->3d° 4s?

-2 ,
-3 spin — Spin - -I
i - P . T & 4 L : _I_I_'_I
—a —6 -4 =2 0 2 4

-8 -6 a -2 0 2 4
St&Sie-2006; S. Blugel Phys. Rev. Lett. 68, 851 (1992)
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atom ~'spin )

1

Density of states(eV

CPH

Band structure magnetism: Stoner model
n®) | Er T B
sT —— sT
T e A | S St
¥ =
: ¢ 1
3 3 . non magnetic state Magnetic state
L hep-Co
L d band
O : 0 L '\\
) g —LL'lfilLlilll'lI Sband
30 50 0 5 0
3 3
L. fcc-Cu
- S, p bands are extended (band width about 10
" eV)-> contribute by about 5%
- d bands are narrow (band width about 3 eV)-
> their splitting determines the magnetism
'11111111:'“.
30750

St&Sie-2006
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5.0 |
3.0
1.0
-1.0
-3.0 |
-5.0 |
3.0
1.0
-1.0

Two atomic layer high Co island
on Cu(111)

Interface atoms

-3.0 -
-5.0 - i |
3.0 | center
1.0
=1.0 -

Density of states (eV")

Surface atoms

-3.0 -

-6.0 -4I.EI' -é.u 00 20
Energy (eV)

The magnetic moment of the atoms in the island
J. Izquierdo et al. Phys. Rev. B 55, 445 (1997) depends on the local coordination
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dDOS at Co spheres [states eV'']

P
=

na
=

=
(=]

na
(=]

ha
=

CPH

Ecole Polytechnique
Fédérale de Lausanne

Co monomer interaction with the substrate
T T T T T T T T 1 1orT—TT T T T 1T 717
- Coon Pt

(Pt lattice)

— ¢lean Pt surface

—
[}
I
]

e
(3

isolated Co
” === CoonPt

e
(3

dDOS at Ptspheres [states V']
=
(=]

1.0 -
~ == P pelow Co
L gl
5 6 4 -2 0 2 T 8 ® -4 2 0 2
energy abave B [&V] energy above Ex  [eV]

Asymmetry in the Pt LDOS at E; when
covered by Co->
induced magnetic moment in the Pt(111)

(0.00) O Co atom
@ﬂa Q Pt atom

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

Size dependence

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

8 T T T T T I T I

Co on Pt

= =]
I

ra
T

[
T 4N

ra
T

—— 1 atom -
| === 2 aftoms

-—- 7 atoms (center)

=== 7 atoms (edge)
== hulk (Pt lattice)

1 ] 1 ] 1 ] 1 ] 1
-3 -2 -1 a 1
energy above Ep  [eV]

total DOS at Co spheres [states eV'']
J
[

L=
I
]

[=1]

]
I
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The interaction of the atomic electronic shell with the surrounding atoms (crystal field) locks
the atomic orbital moment to the crystal structure (symmetry)

In the ligand (crystal) field theory the effect of the HCF =H_ .. +Hgog
surrounding atoms is described by an effective potential
(localized electrons) F|eld e¢(r)

For example for an octahedral °
crystal field we get #(r) = ;ezi It

Hei.q Can be developed in series of the spherical harmonics -> because H;,; does not depend on
the spin, the 3d wave functions (or a linear combination of them) are eigenfunctions of H¢

1,000 6p
In general, the way in which H ;4 is treated 3 o0 / -

depends on the element E ; fp / 59 4
=t - 3p / ad ir
3 100F 5 A5 ]
Hfield <ALS< Ve-e Rare earths § g /
ALS<H.. . <V. 3q  Las
field = Tee  Transition it
A; LS < Ve_e < Hfleld metals 4d'5d 1 L e

0 20 40 60 80 100
Atomic number Z
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10D, gives the strength of the
CF (historical notation)

.

Energy

819
eg -
& ] br
10D, :
e l‘zg g
b

Qualitative arguments: the central atom orbitals pointing toward the ligand positions are higher in energy
than those orbitals avoiding the ligand positions (Coulomb repulsion).

The t,, orbitals point towards the centres of the cube faces while the e orbitals point towards the centres of

the cube edges.

In T, symmetry the latter points are closer to the ligands by a factor sqrt(2)
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V,. > 10D, V,.< 10 D,
Fe*”*(d" Fe"*(d“) 3*(d ) Fe*(d° i
g Fre i3
High spin Low spin

The orbital occupation (and then the spin S) depends on the relative strength of the
electron-electron interaction V,, and the crystal field 10 D,
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Example: Co ions in Octahedral field

The simplest approximation to describe the electron-electron interaction:
- U is the repulsive Coulomb energy between each pair of electrons
- J,, Is the attractive Hund's rule exchange interaction between each pair of electrons with parallel spin (1 Hund’s rule) .

For high CF the Iow spln state becomes favorable

) ) |
IS‘O‘.W Intermgdtate ngh I:‘HSe —1 OJH+ 6Dq
pin Spin Spin
-5 C03+ I:‘HS —-IOJH- 4Dq
S=1/, AS=3,  MS=5, Ejg = 7ly-14Dq |
Eg = = = I:‘LS =- 6JH-24Dq
Cott d -6 1
A FYYY AdA
thg
Yy L 4 — s —_—
> =
o )
S5=0 A S=1 AL S=2 > Qe >,
g o0 F o
Co3+ d6 2 =
\AA AAA AAA gl =
thy
<£
LA Ad Yy Y r
=10k
A S=1/4 AAS=3/,
eg — L
Co?t d7 11k
A AAA i JH =
tyg
YyYYy Yy -12 | ! . | . .
0 1.0 _ 2.0 3.0
10Dg (eV)

Possible valences and spin states of the
Co ion in octahedral symmetry. The d
shell is split into a t,, and e, sub-shell.

Maurits W. Haverkort, PhD thesis (2005)

HS -> 10 electron pairs (-10 J; ), 2 electrons in e, (+2*6D,)
and 4 electrons in t,, (-4*4D,) -> Es=-10 J,, -4D,

LS -> 2 times (up and down) 3 electron pairs (-6 J, ), and 6

electrons in ty, (-6*4D,) -> E, ¢= -6 Jy, -24D,

The electron-electron repulsion energy is U times the number of electron pairs
found minus Ji, times the number of pairs of electrons with parallel spin
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Jahn-Teller effect for Mn** (d*)

Octahedral Tetragonal

This orbital reduces the energy because
IS pointing toward the oxygen atoms

The system lower the total energy by a

Mn3* in the centre of an tetragonal distortion

oxygen octahedron
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Cr
Mn
Fe
Co
Ni
Cu

Material N holes m,tot m.d mP
Fe 3.4 219 | 2.26 | -0.07
Co 2.5 1.57 1.64 -0.07
Ni 1.5 0.62 0.64 -0.02
NggtNys  Ngy(l) Nay(T) Ng(1) Ng(1) hse(1)
6 2.7 2.7 0.3 0.3 2.3
7 3.2 3.2 0.3 0.3 1.8
8 4.8 2.6 0.3 0.3 0.2
9 5.0 3.3 0.35 0.35 0.0
10 5.0 4.4 0.3 0.3 0.0
11 5.0 5.0 0.3 0.3 0.0

Filling of the | and 1 bands for 3d elements (n — electrons, h — holes)

orb

0.09

0.14

0.07

h34(1)
2.3

1.8
2.4
1.7
0.6
0.0

m (ug)

2.2
1.7
0.6

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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Quenching (L ~ 0) of the orbital moment in bulk -(Iﬂ-

- Qualitative argument: in an isolated atom, the electrons can freely rotate about the core ->
the orbital moment arises from this processional motion (Y,™) -> bond formation stops the
processional motion

- Formal argument: the orbital moment associated to the d orbitals is zero
For ex.: d,,=2"%2 (Y, 1-Y,*1) or d,=i 2712 (Y, 1+ Y,*)

However  [dy,L,d, dr=7% [dyLd. .dr=2h

A rotation by 27/8 about the z axis transforms d,, ,, in d,, (and vice versa), and a rotation of 2n/4 transforms d,, ind,, . d3,,
cannot be transformed in any other orbitals by a rotation about the z axis, thus no contribution to orbital moment in z direction

Orbital moment is associated to transformation by rotation of pairs of orbitals. This holds only if:
a) the two states of the pair are degenerate
b) There must no be an electron in the second orbital with the same spin as that in the first orbital

Octahedral Tetragonal

’ P day
Ex: = —— )%— a2 2
- In the tetrahedral or octahedral symmetry the d,, , in d,, PP S S
are split and hence do not contribute to the orbital moment by S
(as a consequence of point a) #% P s

- in octahedral symmetry the 3d3® or 3d® configurations
have L=0 (as a consequence of point b one can not rotate d,, onto dy,) }7% 07L°
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iz Orbital d-shell moment in an atom Qualitative argument
Lowiad B L,=+1, +2

Orbital d-shell moment in a thin layer

In-plane orbits are quenched, Out-of-plane orbits
d-orbitals are formed are less perturbed
x4 o A strong directional bonding
4 generates a reduction in the
- component of L perpendicular
Aol MR to the bonding direction

Ay~ |L=-2>—|L,=2> O 2~ |L,=-2>+|L,=2>
-d electron in a free atom. For an external magnetic field aligned along z the lowest energy state is L,=-2.

- atom bonded to four atoms in a plane.

-a) The d electron will form a standing wave with a spatial shape depending on the distribution of the
electronic charge on the neighbouring atoms (i.e. orbital motion frozen by the formation of bonds with the
neighbouring atoms) -> The out-of-plane orbital moment is quenched

b) The orbital motion perpendicular to the bonding plane is less perturbed by the bonds -> in-plane orbital
moment will stay unquenched -> symmetry braking implies anisotropic orbital moments

-The spin moment S is isotropic. However, due to the spin-orbit coupling the spin moment is locked to the
spatial direction along which L is maximum -> easy axis
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Example: Co monolayer on Cu(100)

Co is a transition metal with electronic configuration given by 4s? 3d’
Assuming no charge transfer between Co and Cu the crystal field splitting gives the following
energy scheme

) é@ dyy= \/li(|2,—2>—|2,+2>) A

L = 0 because:

‘g_. =L (1) — A1) - ds,o., gives no contribution to L
‘fm A 4 - d,, and d,,,, can not transform one in
de= L@ +2-1) T Xy x2-y2

4 7 2, 27, the other because not degenerate
i Bt =PI} i Ay - d,, and d, can not transform one in the
«‘g‘* other because have the same spin
do, BTG RAARD)  (py,

. Crystal potential )

J. Stohr IMMM 200, 470 (1999)
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_ N Orbital resolved L J. Stohr IMMM 200, 470 (1999)
Crystal field splitting for a Co for spin-up (or down) states
monolayer on Cu(100)
L I : i
i N Y Theoretical basis
de’=\/_§ (|2’_2> - |25+2>) g 4&_, F,
I % 7 Ay A @)
- Pure d orbitals are split
‘g-' d = «Tli('z"”"z’“» ) : 3 ¢ (about 1 eV) by crystal field -> L=0
r de=L@n+p1) T —— ¥ "Bom  Bwwein  Bae» - Spin-orbit coupling (about 50 meV)
e 2 2, 27, mixes the pure d-orbitals creating
B g dyp=2,0) J, g 3 new (first-order) states with non zero
Ateary (but small) orbital moment
diy=—=(2,42) + [2,-2))
» Jg, V2 4 v 4t 3 _ . .
St ~ R Spin-orbit is a perturbation:
(assuming the spin down band
i Spin-orbit perturbation completelv full
" Crystal potential : > P y )
i > N 2
(dr L, |di)
- n ~y
Matrix elements <d, | e-L|d> <La> ~ gz E_E
m n m
(zx]| (yzl eyl (P =y (32—
d+
[23) 0 —ié, e, —ie, iv3é, <|—Xxy> 52 ‘< > _
|yz) ie. 0 —iey,  —iéy —iv3¢,
xy) —ié, iéy 0 2ié. 0 example L .
|X2 - y2> lé) lé\x —Zléz 0 0 _ édey I Lx dxz> _ 5
|3Z2 — r2> —1\/_€) lx/géx 0 0 0 o Exy _ Exz o Exy _ Exz
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"’in-p!ane" d-orbitals "Out—of-pvia'n’e“"”d¥o'rbiféls'

(a) bulk fcc

V4

A

~, (©) (001) interface

The band width is correlated to the crystal field strength

-b) free-standing monolayer: only the in-plane d-orbitals feel the bonding and then show splitting and
dispersion in the (E,k) space while the out-of-plane d-orbitals stay mostly unperturbed

-c) in a multilayer with stronger out-of-plane than in-plane bonds the situation is reversed

-a) in a cubic structure in-plane and out-of-plane bonds have similar strength and then the dispersion of
the d-orbitals is similar



NANO |

INSTITUT DE PHYSIQUE
DES NANOSTRUCTURES

Co monolayer

CPH

Ecole Polytechnique
Fédérale de Lausanne

Co/Pt(111)

DOS (1/Ryd)

-10 ;-—Fen.nCann
15 IFBMCF'M

ml—l d

m=-2

Xy 1

DOS (1/Ryd)

XZ

DOS (1/Ryd)

I I{]_I?,I I 04
E-E, (Ryd)

L I T I T
04 02

04 -0,

2 0 {]I.?, {].I4
E-E, (Ryd)

1 Ryd=13.6 eV

d DOS (states/eV unit cel)

Free-standing

Im=2
: T S e S
10 -9 -8 -7 -6 -5

Co/Pt(111) -> for m=1 and m;=0 the DOS widths are about 3 and 4 eV larger

than in the free-standing Co monolayer; for m=2 there is no sizeable difference.

Ligand field: larger DOS width -> stronger bonding -> smaller L perpendicularly to the bond

m,=1 and m;=0 correspond to out-of-plane orbitals (bonds) -> stronger out-of-plane bonds in
Co/Pt(111) -> reduced in plane orbital moment in comparison with the free-standing case

G.H.O. Daalderop et al., Phys. Rev. B 50, 9989 (1994); G. Moulas et al., Phys. Rev. B 78, 214424 (2008).
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Bulk Fe
. | 1 monolayer
. HW0F
— — — — majority é (b) !
— minority !
20
| | S |
| | =y
& 0
| - 2 |
E fﬁ N\ f 2 i 4 |- integrated DOS
IV 220k E°F
. [ ] 4 - N I E 7 -
A0 A e
IRy l' | D g
44 W =
i A / 40F 1 F S
‘; e i -2
. | -0.4 S0 0.2 -0
_D'E _0‘4 _u‘z r n‘z 1 1 1 //l 1 1 1 | 1 1 1 1 1 1 | 1 1 1 |
Energy (Ry) - ) -0. . )

minority state (solid line), majority

states (dashed [ine) Peak in the majority states is missing and minority states are shifted

at higher energy (the largest fraction of minority states is above
Fermi level)

Bulk Fe is a soft magnet (majority states are not completely full) while is a strong magnet in
the monolayer -> low dimensionality increased the band splitting

Fe spin magnetic moment is larger in monolayer (about 3 uB) than in bulk (about (2.2 uB)

R.H. Victora et al., Phys. Rev. B 30, 3896 (1984); G. Moulas et al., Phys. Rev. B 78, 214424 (2008).
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m (1, /atom)

Magnetic moment

Slater-Pauling curve for FeCo bulk alloy

CPH

Ecole Polytechnique
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Redistribution of 3d| electrons to the 3d1 states at the Fe sites
while adding Co up to a concentration of about 30%. After the
maximum magnetization value, the total number of 3d1 electrons
remains constant, whereas the number of 3d| electrons increases in
order to accommodate the additional electrons coming from Co

5 | I [ 1
o
23+ =
@ (*)
219 - —
1.9 - =
1.7 —
bulk 0 |
1.5 —
ol | 1 | ! [
Fe 0.2 0.4 0.6 0.8 Co
concentration X
—— Fe
—m— Co

—O— Average moment

monolayer 1

— &8 u s 5 -

OI_U UI_E Ul.4 Ol_(i Ul.8 II_U
Fe Co,

In monolayer regime both Fe and Co are strong
magnets: moment increase linearly with 3d
electrons

5.1 I
5.0 Ik )
s N\ Bulk Coisa
. . strong magnet
**1 4—BulkFeisa J mag
4.71
e ~ soft magnet |
2.5
2.41
. FeCo
2.31
2.21
2.1 .
0.90
Nasg \
0.89 1
08875 20 40 80 80
Co Concentration (at.%)
L. Pauling, Phys. Rev. 54, 899 (1938); H.H. Hamdeh et al., Phys. Rev. B

39, 11233 (1989); R.H. Victora et al., Phys. Rev. B 30, 259 (1984); G.
Moulas et al., Phys. Rev. B 78, 214424 (2008).
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Electronic configuration: Xe 6s2 4fN Dy>* (6s° 4f 9)
(exception for Gd 6s! 5d! 4f7) +3 +2 +1 0 -1 -2 -3
R
- Gd metal L=5; S=5/2 -> ground state °H,;,
A / —
5 8000 cm-1 ~ 1 eV
* N
o
O0 1.0 2.0 3.0 x
Radius r (a.u.) -
=
o
Af states are strongly localized -> >
do not participate to bonding g’ 9
CF ~ 10 meV c
SOC ~ 200 meV E—) Ll
Coulomb repulsion ~ 1-10 eV
- Magnetic moment defined by the 4f states
- L unquenched (small CF for the 4f, \ J—
Hund’s rules hold) "l “T"“::- =
electron spin-orbit crystal

St&Sie-2006 J.D. Rinehart, et al. Chem. Sci., 2, 2078 (2011) repulsion coupling field
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4f" ions in solids o 3d" ions in solids
@jﬂ

ey A
3d"
~1eV ZSHLJ, ‘ ~1-2eV r’
/ e
~5¢V . = '
// 5eV //

~ m-«“‘"--%‘—:
25+1 L_, {3 I l
R — — = A\ '_.Jg = Cois —— S ARCERC S S S BT )
Coulomb and exchange Spm- Bonding Coulomb and exchange Bonding Spin-
orbit orbit
Bonding = CF
Hg g <A LS Rare earths

A LS <Hgq < Ve Transition - d
ALS <V.. <Hpy metals 44-5d



