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Low dimensional magnetism :
the role of the electronic structure

H. Dreyssé
IPCMS — GEMME, Université Louis Pasteur, 23, rue du Loess, F-67037 Strasbourg, France

I. Introduction:

Low dimensional systems : - OD ( clusters) / 1D ( chains) /2D( films) /3D (multilayers)
Due to reduced dimension, new properties can appear.

Particularly the magnetic moments are widely studied for fondamental and applied research.

The key point of this lecture is the determination of the electronic structure of the material of
interest. Once the Schrodinger equation is solved ( in a reasonable way), one can expect to
describe all interesting physical properties with the help of appropriate theoretical
frameworks.

Two different approaches are used to describe the magnetism of materials :

- localized magnetism ( for Rare earths for instance) == Heisenberg type Hamiltonian
- itinerant magnetism ( for transition metals) we will focus on in this lecture

II. Itinerant magnetism at T=0K

1. The Density Fonctional Theory (DFT) — Proposed by W. Kohn (1964)

The starting point is the fact that the total energy is a fonctionzl of the electronic density n(r).
The main problem is to treat the exchange-correlation term.

2. An alternative : the semi-empical tight-binding scheme
Not ab initio but faster and very efficient to get general trends

3. The local densities of states (LDOS)

HWY,-E,¥,
=> total density of states : n(E) = 8(E-E,)

By projection for each atom ( and even orbital), the LDOS n;(E) is obtained

1, the local magnetic moment is obtained as the difference of occupation in bands of
different spins

w= ) (0 (E)” n/(E))dE

For a ferromagnetic atom, the main difference between the LDOS for the two directions of
spins is a shift of the center of gravity of the sub-bands :
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=> Only Fe, Co and Ni are bulk ferromagetic
IIL. The magneto-volumic effects

1. Transition para-ferromagnetism
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Variation of the magnetic moment versus the interatomic distance ; different behaviours.
Can be undertood in a simple d tight-binding model

Low dimensional magnetizm ...

L3-2

Hugues Dreyssé



Ecole Franco-Roumaine - Magnétisme des systémes nanoscopiques et structures hybrides - Brasov, 2003

The Stoner criterion gives only an upper limit for the onset of ferromagnetism

2. Competition ferro-antiferromagnetism

Exchange integral I/W
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Bulk bee ( for an example)

As function of the d band filling
versus I'W (or equivently the
interatomic distances).

Ground state :

In black : paramagnetic

In grey : Antiferromagnetic

In white : ferromagnetic
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General behaviour at any
dimension
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IV. Local Spin Magnetic moments distribution:

1. Influence of the dimensionality

General trend: An increase ( decrease) of the coordination number induces a decrease ( increas e) of the
local magnetic moments.

* Can be understood in a simple model where W ~Z112

* Obtained in various calculations for Fe-bee, Co-hep and Ni-fee ( FLAPW, LMTO, TB....) and observed
experimentally.
A significative exception : Palladium => Need to compute the electronic structure

2. Influence of the direct neighbouring
- interface with noble metal : few changes

- interface with transition metal : possible induced magnetization
Example : V on Fe : the first layer of V at the interface is widely polarized

B
=i |+ variation of the interatomic distances / Atomic
E s 1\\ —| ; relaxations
" e e + different band widths
s o, o+ 0.t * | +typeof magnetic coupling
::?hg_igh,:-:%:n:m"m:_:_"‘:tf_‘h"w‘; ==> possible complicate arrangements
(from Walker and Hopster)
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V. Non-collinear spin arrangement

Role of the frustrations ( Fe-Fe : Ferro, Fe-Cr and Cr-Cr Antiferro)

COLLINEAR NON-COLLIMEAR
—_— e e — — em————
—— —_— ———— —l—
i il e il [ f—
gl i e el T
—— ——— ol \
= N T

T T
Extenied defect Logalized defect

Schreyer f al. PRL 78, 4914 (1297),

Fe on Cr :Two possibles mechanisms to overcome the magnetic frustrations.
Defects indicate magnetic arrangement different of the bulk with at the interface possible

small values.

- Phenomenogical model of Slonczewski ( Proximity model : IMMM 150 (1995) 13)

m i Exchange coupling energy between ferromagnetic layers
_@ separated by an antiferromagnetic spacer !
LY % EAd) =T, AP®> or J_(Ap - n)*

FM coupling AFM coupling

"Biquadratic coupling

E=A cos¢+ Bcos’¢

More complex situation with Mn ( which has a spiral ground state)

V1.  The Magnetic anisotropy

1. The orbital moment : a general trend

Lowering of the symetry
= > increase of the orbital moment

0.5
.-__EGA-

g_u.ai
o.2f

0AE

For instance Ni:
Atom : L =2 pg for s' d° to solid <L>= 0.05 pis

i e Remarkable enhancement as compared to the bulk value
o0 20 40 BO B0 100 120 140 160 i
Strong reduction of L as compared to the atom already

Cluster Slze N
Awerage arbital megnaic moment per atom (L) of for ‘lrm? S-‘I]'lﬂ.ll ﬂluﬂm

Wi, elusters with fee-like (dows) and ijcosabedral-like siruc-
nu:- {M‘;.E.I'h& n-gn.uﬂzllim'l. din:ctinru & is a nﬂm;;-lul (‘-‘1~-ﬁom Pﬂ-&'fﬂr et III,]'

&, symmetry axis (& = 2) or o NN bond perpendicular o 2
(8 = &3 Pull {open) triangles refer Lo eminliks blayer clusters
with perpendicular fln-plasd) magnetization Resalo for small
clusters are given io (he Inset
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3. The mngnetucriimlline Anisotropy Energy

Defined as the difference of energy between two directions
of the magnetization

- Much larger as in the bulk ( mev instead of tens of peV)

- Systematic behaviour ( based on moments arguments)

minimum of nodes versus the band filling Wi R, e
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A simple but very often verified relation ( Bruno) Ly ot e i

Ene~ A(m’- m') where m is taken for the two reference directions

4. The dipolar interaction

The total Magnetic anisotropy ( which will give the direction of the magnetizatin) is the sum
of En and the dipolar energy Eq;, also called the shape anisotropy.

Egp, is computed generally numerically and tends to align the spin parallel to the surface

5. The sum rules

From XMCD ( X Ray Magnetic Circular Dichroism) experiment, the spin and the orbital
moment can be extracted.

VII. The Intelayer Exchange Coupling

i [0 T
) '"‘:ﬁ 'S Interlayer coupling between two ferromagnetic layers
YA through a non-magnetic spacer can display
e Z < mlf‘““ - oscillations.
), The period is given by Kohn singularities of the spacer
W L Brillouin Zone ( points with antiparallel velocities
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