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Applications of magnetism

Applications in magnetic data recording:

MRAM

Freescale (former Motorola)

4 MB MRAM chip
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Exploring magnetism

Numerical investigations can help a lot in exploring magnetic
structure of complex materials such as:

Domain walls

Noncollinear systems

Magnetic adatoms
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Theoretical frame work

Density Functional Theory (DFT) in Local Spin
Density Approximation (LSDA)

Fully relativistic screened Kohn-Korringa-Rostocker
method

Adiabatic spin dynamics

Halilov et al. PRB 58 293 (1998)

Q. Niu and L. Kleinmann, PRL 80, 2205 (1998)

the time evolution of the magnetic moment is given by the
Landau-Lifshitz-Gilbert equation:

@M
@t

=



1 + � 2 M � H ef f �
�

1 + � 2



M

M � (M � H ef f )
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Finding H ef f

Direct calculation of H ef f by means of density
functional theory

Constraining �eld: G.M. Stocks et al. Phil. Mag.
Bbf 78 665 (1998)
Derivatives of the band energy using the Lloyd's
formula: H ef f = @Eband

@� , � = � ; �

H ef f from model Hamiltonian:

H =
X

i

K i (� i ) +
X

i<j

� i J ij � j

K i (� i ): on-site anisotropy Jij : exchange coupling
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Exchang e couplings from �r st

principle

Frozen magnon approximation
S.V. Halilov et al. PRB 58, 293 (1998)
O. Grotheer et al. PRB 63, 1000401 (2002)

Method of in�nitesimal rotation
bare A.I. Liechtenstein et al. JMMM 67, 65 (1987)

renorm. P. Bruno, PRL 90, 087205 (2003)

many body M.I. Katsnelson et al. PRB 61, 8906 (2000)

Relativistic L. U. PRB 68 104436 (2003)

Spin-cluster expansion
R. Drautz and M. Fähnle, PRB 69 104404 (2004)
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Relativistic exchang e interactions

H =
X

i

K (� i )+
1
2

X

ij

� i J ij � j � i :
unit vector parallel

to the magnetization at site i.

J ij =

Jij I + J S
ij + J A

ij

Jij = 1
3Tr (J ij )

J S
ij = 1

2

�
J ij + J t

ij

�
� Jij I

J A
ij = 1

2

�
J ij � J t

ij

�

Isotropic exchange

Symmetric anisotropic
exchange

Dzyaloshinsky-Moriya
interaction

Long range interactions, J ij decays as 1=R3
ij !
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Few atomic layer of Fe on Cu(100)

Experimental results

D. Qian et al. PRL 87,227204 (2001)

Ferromagnetic top layers

Spin-density wave below
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MC stud y on Fe5/Cu(100)

Magnetic order at low temperature
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Cr3 on Au(111) surface

STM image of Cr3 cluster on

Au(111) surface

Ground state without DM

interaction

Model Hamiltonian:

H =
X

i

� i K � i +
1
2

X

i 6= j

� i J ij � j

+ Q1 (( � 1 � 2)( � 1 � 2 ) + (� 2 � 3)( � 2 � 3) + (� 1 � 3)( � 1 � 3))

+ Q2 (( � 1 � 2)( � 2 � 3 ) + (� 1 � 2)( � 1 � 3) + (� 1 � 3)( � 2 � 3))

Parameters are determined by symmetry adapted ®tting to the band energy.
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+ Q2 (( � 1 � 2)( � 2 � 3 ) + (� 1 � 2)( � 1 � 3) + (� 1 � 3)( � 2 � 3))

Parameters are determined by symmetry adapted ®tting to the band energy.

Flipping from metastable state to ground state.
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Constraining �eld SD stud y on Co

nano wire

Co nanowires on Pt (221)
surface

P. Gambardella et al.,Nature

(London) 416, 301

Result of the SD simulation

Co PtVac

Side-view

Top-view
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Constrained DFT

Constraint:local magnetization along local ori-
entation

R

 B i

xc M i � ei d3r = 0

Constraining ®eld
Transverse to internal exchange/correlation
®eld Bi

con = B i
xc ci

Effective potential

v̂i =
1
2

(v" + v# )I+
1
2

� p
1 + c2(v" � v# )

�
� ei

Iterative algorithm for constraining ®eld

ci
new = ci

in � (ci
in ei )ei ) � ei

out � (ei
out ei )ei )

@M
@t

= 

1+ � 2 M � H ef f �

�
1 + � 2



M

M � (M � H ef f )
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Possibility to paralleliz e

In the KKR method the Green's function is calculated instead of the Khon-Sham orbitals
of the effective Hamiltonian:

�
1
2

� � vef f � "
�

G(r ; r 0; " ) = � (r � r 0)

The average of all of the one-electron operators can be calculated by means of a
contour integration:

hA i =
Z E F

�1
G(z)Adz

The integral is performed using a Gaussian quadrature. The code can be easily
parallelized in the complex energies.

In most of the cases 2D translational symmetry is applied. The program can also
be parallelized in the "k" points.
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Locall y Selfconsistent Multiple Scattering

Theor y

LIZ
C

LIZ : Local Interaction Zone

set of MT spheres treated by

multiple scattering theory

C : central site

Periodic boundary condition

The density � (r ) in the LIZ out of

the central site are replaced by

the densities of the central sites of

the neighboring LIZs.

The Poisson equation is solved for

the whole system.
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Programming aspects

Calculations corresponding to a
given LIZ are performed on one
node.

The properties describing the
single site scattering properties
(t j ) are send to the neighboring
nodes.

The scattering path operator
� =

�
t � 1 � G

� � 1 is recalculated.

New densities and potentials are
determined.
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Results on FeMn/Co interface

Initial 3Q mag-
netic con®guration of
FeMn alloy Co interface

The ®nal magnetic or-
der resulted by the SD
simulation
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Outlook

Layer LSMS method
Fully selfconsistent calculation of Bloch
walls. Width of a domain wall:
d �

p
J=K , few hundred atomic layer

Simulations at ®nite temperature

Monte Carlo simulations
Classical Heisenberg model with
additional anisotropy
Constrained Metropolis algorithms
using LSMS

Langevin dynamics
Model Hamiltonian
LSMS spin dynamics

New direction is chosen
randomly within a cone.

� E =
@Eband

@� i
� � i

@Eband

@� i
=

1
2�

Z EF

�1
� ii � m�

i d"

The H ef f effective ®eld in the

LLG equation contains thermal

noise.

hHn� (r i ; t); Hn� 0(r 0
i ; t0)i =

2�k B T

 m

� �;� 0� i;i 0� (t � t0)
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