
Institut Néel, Grenoble, France.InstitutInstitut NNééel, Grenobleel, Grenoble , France, France ..
http://lab-neel.grenoble.cnrs.fr/themes/couches/ext /slides/http://lab-neel.grenoble.cnrs.fr/themes/couches/ext /slides/

An overview of magnetization reversal
---------------

I. Some basics:
Single-domain concepts and their use in materialsOlivier FruchartInstitut Néel (CNRS-UJF-INPG)Grenoble - France

http://neel.cnrs.fr
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CNRS from the mountains
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INTRODUCTION – Hysteresis loops

Hext

M

Manipulation of magnetic materials:
� Application of a magnetic field

s0Z H.Mµ−=EZeeman energy: Spontaneous magnetization MsRemanent magnetization Mr
Hext

M

Losses
MHE dext0∫= µ

Coercive field Hc
See: E. Brück, V. Pop

MJ 0µ−=
)(0 HMB += µ

Other notation
Magnetic induction
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INTRODUCTION – Soft and hard magnetic materials

Soft materials

Transformers

Flux guides, sensors

Magnetic shielding

Hard materials

Permanent magnets, motors

Magnetic recording

HextM HextM
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INTRODUCTION – Origins of magnetic energy

2 212,1Ech
)(
.

θ∇=
−=
A
JE SS

)(sin2mc θKE =

HM .S0Z µ−=E

1 2 dS0d .
2
1 HMµ−=E

Zeeman energy (enthalpy)

Magnetocrystalline anisotropy energy

Dipolar energy

Echange energy

HextM
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INTRODUCTION – Magnetic characteristic length scales

Typical length scale:
Bloch wall width λB

( ) θθ 22 sin/ KdxdAe +=
Exchange Anisotropy

J/m 3J/m

Numerical values

KA /B πλ =
nm32B −=λ nm100B ≥λ

Hard Soft

OF1



Diapositive 6OF1 Si temps, refaire schéma en françaisOlivier Fruchart; 22/03/2005
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INTRODUCTION – Magnetic domains

Bulk material

Co(1000) crystal – SEMPAA. Hubert, Magnetic domains

Mesoscopic scale
Numerous and complex
magnetic domains

Small number of domains,
simple shape

Microfabricated dotsKerr magnetic imagingA. Hubert, Magnetic domains

Nanometric scale
Magnetic
single-domain

R.P. Cowburn, J.Phys.D:Appl.Phys.33,R1 (2000)Nanomagnetism ~ mesoscopic magnetism

OF2 OF3



Diapositive 7OF2 hubert-fig2-39[Co(1000) crystal - SEMPA].tifOlivier Fruchart; 22/03/2005OF3 KTH 2001Olivier Fruchart; 08/07/2005
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MAGNETIZATION REVERSAL  – General table of contents

1. Macrospin models for coercivity

2. Coercivity in materials

3. New ways for magnetization reversal

I. Some basics (from single-domain to materials)
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MAGNETIZATION REVERSAL  – Table of contents (1/3)

1. Stoner-Wohlfarth and Astroids

2. Thermal activation

3. Experimental relevance

I.1. Macrospin models for coercivity
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Framework
MACROSPIN MODELS – Coherent rotation (1/5)

L. Néel, Compte rendu Acad. Sciences 224, 1550 (1947)E. C. Stoner and E. P. Wohlfarth, Phil. Trans. Royal. Soc. London A240, 599 (1948)IEEE Trans. Magn. 27(4), 3469 (1991) : reprint
[ ])cos(sin HextS0

2
efftot θθµθ −−= HMKVE

θH
θ M

H
Approximation : Cte== Mrm )(

(strong!)

dmceff KKK +=

�Uniform rotation / magnetization reversal
�Coherent rotation / magnetization reversal
�Macrospin etc.

Names used

)cos(2)(sin2
Hhe θθθ −−=  =

=
=

S0a
a

/2
/
/

MKH
HHh
VKEe

µ

Dimensionless units:
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Stability

Equilibrium states

MACROSPIN MODELS – Coherent rotation (2/5)
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0306090120150180 210 240 270 300 330Easy axisEasy axis Hard axis
Hard axis

)(Sw HH θ

‘Astroid’ curve

J. C. Slonczewski, Research Memo RM 003.111.224, IBM Research Center (1956)

MACROSPIN MODELS – Coherent rotation (3/5)

-90° 0° 90° 180° 270°H -90° 0° 90° 180° 270°H
H = 0.2 HaH = 0.7 HaH = Ha
H = 0EASY  ~ HARD  

( ) 2/3
H

3/2
H

3/2
Sw

cossin

1

θθ +
=H� HSw(θ) is a signature ofreversal modes

( ) 2/3
H

3/2
H

3/2
Sw

cossin

1

θθ +
=H
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MACROSPIN MODELS – Coherent rotation (4/5)
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Angle

Reversal field

Coercive
field

Reversal field

Coercive
field

Coerciv
e

field

Switching field = Reversal field
A value of field at which an irreversible
(abrupt) jump of magnetization angle occurs.

Can be measured only in single particles.

The value of field at which M.H=0 (θ=θH±π/2)

A quantity that can be measured in real
materials (large number of ‘particles’). 

May  be or may not be a measure of the mean
switching field at the microscopic level

Coercive field

Easy

Easy

Hard

Hard

)2(sinAbs2
1

c Hh θ=

( ) 2/3
H

3/2
H

3/2
Sw

cossin

1

θθ +
=h

See: V. Pop (spring
magnets etc)
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MACROSPIN MODELS – Coherent rotation (5/5)

�Each line shown is the locus of
fields for which a stable/unstable
equilibrium exists for a given angle θ
of magnetization

�The Astroid is the envelop of
this family of lines

�Thus for each radial line the
direction of magnetization can be
determined graphically at any point



Olivier Fruchart  – Magnetization Reversal, some Basics  – European School on Magnetism  – Cluj Sept 2007  – p.15
Institut Néel, Grenoble, FranceInstitutInstitut NNééelel , , GrenobleGrenoble , France, France http://lab-neel.grenoble.cnrs.fr/themes/couches/ext /slides/http://http:// lablab -- neel.grenoble.cnrs.frneel.grenoble.cnrs.fr // themesthemes /couches//couches/ extext // slidesslides //

Barrier height
MACROSPIN MODELS – Thermal activation (1/4)

h=0.2( )KHMh 2/S0µ=

( )2max 1)0()( heee −=−=∆ θ

Tk

TkE
Tk
E

B

0B0

25~

)/ln(exp
B

ττττ =∆⇒= ∆

 −=
KV

Tk

M
K

H B25

S0
c 1

2
µ THc Blocking temperature

Bb 25/ kKVT ≈

Notice, for magnetic recording : t ≈109s TkKV BB 6040 −≈

Lab measurement : τ = 1s

Thermal activationBrown, Phys.Rev.130, 1677 (1963)
Information about 
anisotropy density

Information about total
effective anisotropy
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Formalism
MACROSPIN MODELS – Thermal activation (2/4)

µϕθβ hfdE −= ),(.
( )∑ −= EZ βexp

HfKVE µµϕθ 0),(. −=

H
Z

Z ∂
∂>=<

0

1
βµ

µ

[ ]xxM /1)cotanh( −>=< µ 1.0

0.8

0.6

0.4

0.2

0.0

<
m

>

86420

x

Energy Partition function Average moment

Isotropic case

Langevin function

Infinite anisotropy
( )∫− −=

M

M
EZ µβ dexp

Note: equivalent to
integration over solid angle

( ) ( )MHMHZ 00 expexp βµβµ −+=

tanh(x).M>=< µ
Brillouin ½ function

Brillouin
Langevin

Note:
Use the moment M of the
particule, not spin ½ .

MHx 0βµ=
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MACROSPIN MODELS – Thermal activation (3/4) hmdmE −−= 2β Kd β= vKK ×= V Hh µβµ0=

Uniaxial anisotropyH // anisotropy axis AnisotropyZeeman
∫− += 11 2 d)exp( mhmdmZPartition functionObstacle (?) ?d)exp(0 2 =∫t xx Imaginary Error function, Erfi(t) )2/Erfi()2/Erfi( )sinh()4/exp()/2(2/ 2 dhddhd hdhdddhm

−++
+×+−= π )Erfi/()exp(2/1 dddd πχ +−=

MagnetizationZero field susceptibility

Classical spin with uniaxial anisotropy

Exact solution
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MACROSPIN MODELS – Thermal activation (4/4)  
0 5 10 15 200.40.50.60.70.80.91.0

d=β K Exact solution
 High temperature expansion: 1/3+4d/45
 Low temperature expansion: 1-1/d

T<5TBT>5TB
In

iti
al

 s
us

ce
pt

ib
ili

ty

O. Fruchart et al., J. Magn. Magn. Mater. 239, 224 (2002)

Brillouin ½ -likeLangevin-like
Asymptotic behavior

R. W. Chantrell et al., J. Magn. Magn. Mater. 53, 1999 (1985)� Fitting yields an estimation of the magnetic moment per particleµ
� Fitting with inadequate functions yields errors on µ
� Cases other than isotropic and uniaxial//H + distributions: full fit required
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MACROSPIN MODELS – Experimental relevance (1/3)

M. Jamet et al., Phys. Rev. Lett., 86, 4676 (2001)
Experimental evidence

Extensions: 3D, arbitrary anisotropy etc. M. Jamet et al., PRB69,024401 (2004)A. Thiaville et al.,PRB61, 12221 (2000)
-0.3

-0.2

-0.1

0

0.1

0.2

0.3

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

µ 0
H

z(
T

)

µ0 Hy (T)

0.04K

First evidence: W. Wernsdorfer et al.,Phys. Rev. Lett. 78, 1791 (1997) 
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MACROSPIN MODELS – Experimental relevance (2/3)

Overview

Current

Current

Detail of a cell
MRAM = Magnetic Random Access Memory

Main features:Solid state memoryNon-volatile and fastComplex, expensive, issues of reproductibility
I1

I2

Spin valve

‘Bit’ ligne

‘digit’ ligne

‘word’ ligne

Flux guides

Magn flux lines
Conductor
(Cu)

Transistor
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MACROSPIN MODELS – Experimental relevance (3/3)

J. Z. Sun et al., Appl. Phys. Lett. 78 (25), 4004 (2001) 
0.2x0.5 0.37x0.75

0.2x0.75 0.27x1.37

Size-dependent magnetization reversal Size in micrometers

Astroids of flat magnetic elements with increasing size

�The simplest model
�Fails for most systems because
they are too large: apply model
with great care!..
�Hc<<Ha for most large systems
(thin films, bulk): do not use Hc to
estimate K!
Early known as Brown’s paradox

Conclusion over coherent rotation
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MAGNETIZATION REVERSAL  – Table of contents (2/3)
I.2. Coercivity in materials

1. Nucleation and propagation

2. Some theories specific to thin films
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COERCIVITY IN MATERIALS – Nucleation and propagation (1/3)
Brown’s paradox
In most systems

s0
c

2
M
K

H
µ

pp Micromagnetic modeling
Exhibit analytic however realistic
models for magnetization reversal

x

K
K0

d-d

Propagation

Nucleation
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COERCIVITY IN MATERIALS – Nucleation and propagation (2/3)

Nucleation-limited Propagation-limited
Ex: Sm2Co17 Ex: SmCo5

First magnetization

Use first-magnetization curves to determine the type of coercivity

See: E. Burzo
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COERCIVITY IN MATERIALS – Nucleation and propagation (3/3)
Activation volume

Also called: nucleation volume

0 100 200 300 400 500
0

2

4

6

8

10

Pr
17

Fe
75

B
8

T(K)

v/
δ3

Can be used for:

�Estimating Hc(T)

�Estimating long-time relaxation

�Determination of dimensionality

Note: of the order of domain wall width δ
D. Givord et al., JMMM258, 1 (2003)More detailed models:

1/cosθΗ law

CourtesyD. Givord
Hypothesis:

�Based on 
nucleation volume

�Hc<<Ha

TkHvME H Bas00 25)cos( +−= θµ

θH
M

H

Energy barrier E0
overcome by gain in 
Zeeman energy plus 
thermal energy

E. J. Kondorsky, J. Exp. Theor. Fiz. 10, 420 (1940)

D. Givord et al., JMMM72, 247 (1988)
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Nucleation of new reversed domains
COERCIVITY IN MATERIALS – Thin films (1/3)

[ ])exp(10 RtNN −−=
N: number of nucleated centers at time t

N0: total number of possible nucleation centers

R: rate of nucleation

E. Fatuzzo, Phys. Rev. 127, 1999 (1962)

tRNNdN d)( 0 −=

Radial expansion of existing domains
Rc: radius of critical nucleus

T: total area of sample

V0: speed of propagation of
domain wall

New  nuclei

Growth of existing nuclei

Fatuzzo/Labrune/Raquet model
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Model: fraction area not yet reversed
COERCIVITY IN MATERIALS – Thin films (1/3) 

)/( c0 Rrvk =
k is a measure of the
importance of wall propagation
versus nucleation events

M. Labrune et al.,J. Magn. Magn. Mater. 80, 211 (1989)E. Fatuzzo, Phys. Rev. 127, 1999 (1962)
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COERCIVITY IN MATERIALS – Thin films (1/3) 

M. Labrune et al.,J. Magn. Magn. Mater. 80, 211 (1989) J. Camarero et al., PRB64, 172402 (2001)

Depending on structural defects Depending on measurement dynamics

Cross-over

Note also for fast propagation of domain walls: breakdown of propagation speed (Walker)
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MAGNETIZATION REVERSAL  – Table of contents (3/3)
I.3. New ways for magnetization reversal
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NEW WAYS FOR MAGNETIZATION REVERSAL  – Precessional switching (1/7)

C. Back et al., Science 285, 864 (1999)

Electron beam of the SLAC,
pulse width 4.4ps,

sent on a Co film (20nm)
with uniaxial in-plane anisotropy

Magnetic domains imaged
after the impact
using SEMPA
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NEW WAYS FOR MAGNETIZATION REVERSAL  – Precessional switching (2/7)
Basics of precessional switching
Magnetization dynamics:

Landau-Lifshitz-Gilbert equation:

[ ]  ×+×−= dtdMdtd seff MMHMM αγ 0
Gyromagnetic factorγ0Heff

α

Démonstration: 1999

C. Back et al., Science 285, 864 (1999)M∂
∂

−= mag
eff0

E
Hµ

γµγ 00 =

GHz/T282/ =πγ
m

gq
2

=γ

Effective field
(including applied)

Damping coefficient (10-3 > 10-1)
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NEW WAYS FOR MAGNETIZATION REVERSAL  – Precessional switching (3/7)

α=0.22 α=0.037C. Back et al., Science 285, 864 (1999)
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NEW WAYS FOR MAGNETIZATION REVERSAL  – Precessional switching (4/7)
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NEW WAYS FOR MAGNETIZATION REVERSAL  – Precessional switching (5/7)

mx
my

-1 0 1-hmz
myh=0.01 h<0.5hK h>0.5hKh=0.5hK0 0.5 1

Magnetization trajectories mx
mz

-1 0 1h=0.5hKh>hKhK>h>0.5hKh<0.5hK
2/)(847.0 s0 KHHM −≈ γω

M. Bauer et al., PRB61, 3410 (2000)
Field at 135°
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NEW WAYS FOR MAGNETIZATION REVERSAL  – Precessional switching (6/7)
Stoner-Wohlfarth versus precessional switching

2.0
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1.0

0.5
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36031527022518013590450

In-plane angle θ
h=0

h=0.5

0.1
0.2
0.3
0.4

Stoner-Wohlfarth model: describes processes
where the system follows quasistatically energy minima, e.g. with slow field variation

Precessional switching: occurs at short time scales, e.g. when the field is varied rapidly

Applied field
Relevant time scales

ps.T35/2 =γπ
ps50025 −

Precession period

Precession damping

)2/(1 πα per period

)5.001.0( −=α

�Magnetization reversal allowed for h>0.5hK (more efficient than classical reversalNotice
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NEW WAYS FOR MAGNETIZATION REVERSAL  – Precessional switching (7/7)

M. Bauer et al., PRB61, 3410 (2000)

Switched

Non-switched

Initial

moment

Stoner-Wohlfarth astroid

(quasistatic limit)

Reversal below the quasistatic
value h=1 for hy, and even for m.h>0!
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Analytical models

NEW WAYS FOR MAGNETIZATION REVERSAL  – Precessional switching - Overview

T. Devolder et aL, Precessional switching of thin nanomagnets: analytical study, Eur. Phys. J. B 36, 57–64 (2003)T. Devolder et aL, Spectral analysis of the precessional switching of the magnetization in an isotropic thin film, Sol. State Com. 129, 97 (2004)G. Bertotti et al., Comparison of analytical solutions of Landau–Lifshitz equation for ‘‘damping’’ and ‘‘precessional’’ switchings, J. APpl. Phys. 93, 6811 (2003)C. Serpico et al., Analytical solutions of Landau–Lifshitz equation for precessional switching, J. Appl. Phys. 93, 6909 (2003)
�Most efficient for field applied
perpendicular to the easy axis
�Analytical or near-analytical descriptions
�Beyond the simple example given
here: field pulse in one or several directions,
finite damping, spin-valves etc.

Conclusion on precessional switching
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NEW WAYS FOR MAGNETIZATION REVERSAL  – Current-induced
Basics
Can be viewed as the GMR-reversed effect

Conventionnal hysteresis loop

Current-induced magnetization reversalGroup Myers et Ralph, Cornell University (2000)
�Simplified architectures (MRAMs etc.)
�Fully electronic read/write
�Devices making use of domain wall motion (memory, logic)
�Unexpected: stationnary GHz oscillators

Motivations

J. C. Slonczewski (1996)L. Berger (1996)
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NEW WAYS FOR MAGNETIZATION REVERSAL  – Electrical control
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F e P t p o te n tia l v s .  P t / m VM. Weisheit et al., Science 315, 349 (2007)
Electric modification of intrinsic properties

See also: magnetic semiconductors, multiferroics etc.
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NEW WAYS FOR MAGNETIZATION REVERSAL  – Polarized light

Gd22Fe74.6Co3.4

C. D. Stanciu et al.,Phys. Rev. Lett. 99, 047601 (2007)

Principle
Combined heating
+ inverse Faraday effect

Magneto-optical
material. Tc=500K

Preliminary: one shot with large power
Demagnetized

Magnetization reversed

Local reversal with controlled power

Ti:S laser:λ=800nm; ∆τ=40fs. 
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