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Nanometric size structures are already used
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The “micromagnetic” description of magnetism
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Assumes that structures to describe are large compared to atomic sizes
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Magnetic Interactions

fm E:_JE.EJ. 3 ';Hﬁ
#
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Micromagnetic equations
M :MS(T);; ‘n_:z‘ =1 no thermal fluctuations

E=ANmP+KG(m)—pMsm-H—L yyM,m-H,,

;0\ v 2\

exchange anisotropy applied field demagnetizing field

Statics : minimise JE == Brown equations Heypxm =0
+ boundary conditions (9_77} =0
on
effective Ho = .o 7 7 7
field o — applied + demag + aniso T+ exchange
Heﬁ - — 1 é‘é &
poM - om 24 A7
European School of Magnetism, ’UO M g 10
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Magnetostatics of matter

Ezuo(ﬁ+M) with divB =0 and ;%FI:]'
divﬁD = —divM divH es = 0
i Tin = 0 oifl =

+ boundary conditions
(A —H)-i=M-7
(A —H)-7=0
demagnetizing field applied field
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Magnetostatic energy

__ 1 - o _ 1 3
k, = _EHOJ‘VM.HD _EHOIR?’ (HD)Z =20

proof : introduce the scalar potential H, = -V
. Y 1 divM 1 M -ii
AQ = divM = — +
(I) v (I) 471 IV ‘]7_’7:" 41t Jov ‘f_lj:v

and transform by integration by parts both expressions into

1 VR 1 .y
THoJ, (M- i)e =T, |, divM ¢
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Characteristic lengths

A= % Bloch wall width parameter
A=10""! J/m, K=102 - 105 J/m? A= 1-100 nm
A= |24
M exchange length
M=10% A/m A= some nm

0=_2K _ ( Ajz Quality factor

O>1  hard material
QO <<1 soft material

European School of Magnetism, 13
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Easy axis The Bloch wall (1932)

f//

0 No demag energy divm = 0
m = | sin 6(x)
cos 0(x)
2
E:A(%j + Ksin 0 «9(—00):0, «9(+oo)=7z
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2
Energy minimization _yyd 0

equation i’
Z,f and j dx H
40 2 st
First integral - A(_x) +Ksin §=C =0
% =+ sigé’ A = % Bloch wall width parameter
x 1

0.75

@ = 2 Atan exp[x — % ) (+ 7) 08

0.25}

. . O . A I L L L L
Linear width: 7 A 5 4 3 2 1 0 1 2 3 4 8
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Properties of the Bloch wall

Integrated exchange energy = % = 24 AK

Integrated anisotropy energy = 2KA =24 4K

Integrated hard axis
component

J‘mydxzj-siné’dx:Ajdé’:ﬂA

[m 2dx = jsin2 0dx = Afsingdo =2 A
etc.
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The vortex

2D magnetization

_( ylr divm =0
m= —x/r .
0 m-n=20
—_— — 2
Divergence of the exchange energy Eech =A\Vm| =A/lr
3D magnetization approximation
N smé(r) y/r divm =0 =
m=|—-smé(r)x/r .
cos &(r) m-n#(
.2 > (doY
E =Asin 0/r +|==
ec dl/'
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—siné(r)y/r
m=| smO(r)x/r
cos 8(r)

oY sin” 6
E :A(E) +—2

r

0" |l AELE l
0 1 2 Y2AluM: 3

M o
E :“O—Scoszé’ o

E. Feldtkeller, H. Thomas, Phys. kondens. Materie 4, 8 (1965)

2
40, 14C0 T 1 _1ldn2g=0 =24
dl/‘ r dl” A HolV's

r
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Varniational calculation
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1.77

¢ qualité

Walls in films with perpendicular anisotropy

Epaisseur 30 nm, facteur d

boite 60 nm de large
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The Neel wall (1955)

Thin film without

anisotropy, or small
© T ® in-plane anisotropy

Bloch wall

© - | ®

Néel wall

—> < Tt
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Approximate analytical model

The wall has
logarithmic
tails

i

O=0.04, 1.88

D=25A O=2-2.5 10
D=20,2.5et1.45 A

H. Riedel, A. Seeger, phys. stat. sol. 46 377 (1971)
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Walls in soft thin films

parol de Néel symétrique o —. ®
composante  —m= NiFe 30 nm  com posante @
parol de Néeel asvmetrique o
__-.

Nike 40 nm

_ . "
parol de Bloch asvmétrique of Yo ‘ &
~j—

NiFe 50 nm
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Cross-tie

A. Tonomura et al., Phys. Rev. B25 6799 (1982)

electron holography image
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Magnetization dynamics

EHp e

L=-M/ 4 y gyromagnetic ratio (>0) y =

dynamics dt

A H
Angular momentum d_z _T C?

m
® f:yOM mx H

S

a;,—’;’ =7, H x m 5
Can be found dire.ctly from 028 GHz/ mT
quantum mechanics

European School of Magnetism, 25
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Dynamics of a magnetization continuum

Effective 77 7 7 7 7
H eff — H applied + H demag + H anisotropy + H exchange

field l
Ho =1 OE 24 A7
H OMS 5m H 0 Ms
=7 eﬁ’ X m +a m X —— andau-Lifshitz-Gilbert
dt dt
a : Gilbert
S |:He]j‘ X m + am x (Heﬁr X mﬂ damping
1+ a parameter
European School of Magnetism, 26
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another magnetization dynamics equation

—

dm _ =7, Heﬁfxm+am><

dt

dm

” Landau-Lifshitz-Gilbert (1955)

a;’_Z”l — Q/LHeﬁ” X M 4+ Am X (Hejj’ X m) Landau-Lifshitz (1935)

are mathematically equivalent

dm/dt
dm/dt
m Yy Hxm YyHxm
@ —> Y/'
H LL LLG
European School of Magnetism, 27

Constanta, 2005: André THIAVILLE



Properties of the magnetization dynamics

= 2m.== =0 Conservation of the magnetization modulus

2) d—E:—,uOM Heﬁ.d—m:—aﬂOMSHeﬁ.(ﬁ/lXa;’—Tj

— —\ 2
= —auM %—T.(Heﬁ X m ) = —(au,M _/y) (d_mj

Decrease of the energy with time : the magnetic system 1s
not 1solated
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Micromagnetics
&
Nano-objects



Nanoparticles and small elements

o

2
b N A(ﬂ) ,Edem ~ 0 L ~ O’E

2

u M

0 s

2

dem

~ 1
3

M 2
stable monodomain state for % Ho™s < A(ﬂj & L< R\EA

2 L
Demagnetising
factor N With anisotropy,
the transition
L < Tc L M b
W S1Ze 1ncreases

too
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Nanoparticles in the monodomain state

-

« macrospin »

several A
£ = l& Gln) - 0, 7 -7 | =1
K () - o) 2i-
’LlOMs UzVﬁszm—2h-m

European School of Magnetism,
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Uniaxial case of degree 2
(Stoner-Wohlfarth 1948, Slonczewski 1956)
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EC Stoner, EP Wohlfarth Phil. Trans. Roy. Soc. London

A240 599 (1948), reprinted IEEE Trans. Magn. 27 3475 (1991)

European School of Magnetism,

Constanta, 2005: André THIAVILLE

axe facile

« astroid »

JC Slonczewski, IBM Research
Memorandum RM 003.111.224,
october 1956 (unpublished)
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Geometric solution
(inspired from J.C. Slonczewski, IBM report, 1956)

U =_{m)=Glm)- 27 m
Initial problem (statics) : given H , find m

Dual problem : given m, find H

. - dU
equilibrium: ¥ - —= = 0
dm ——
. o) Yu 1L m
stability : d_g 7 >0
dm

European School of Magnetism,
Constanta, 2005: André THIAVILLE
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3D Solution 1n spherical angles

G —2h-e =0 G¢—2sin¢97[-e_¢: ~=0

equilibrium

1 — 1 - -
§G9-69+2Sin9G¢-e¢+ﬁm—O

G
_ 0 ¢ _ : .2
UQQ—GHH+2/1 U —smHag 5 0 U¢¢—G¢¢+sm90050(}9+215m 0
stability }L_ }\”“ 7\$

e ot ¥
UU,, —(U,) >0

European School of Magnetism,
Constanta, 2005: André THIAVILLE




G = mj + O.Smj

surface S, surface S_

X & y

x : hard axis ; z : easy axis ; y : intermediate

European School of Magnetism,
Constanta, 2005: André THIAVILLE
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2 2 2 2 2 2
G=mm +mm_ +m m
Xy y oz z X

surface S, surface S

iron sphere nickel sphere

A. Thiaville, Phys. Rev. B61 12221 (2000)
European School of Magnetism, 36
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Measurements on an isolated nanoparticle
(E. Bonet et coll., Phys. Rev. Lett. 83, 4188 (1999))

L
%

Z.one axis

for 18

cuts p <>
3

-5 ‘ ! ‘ !

*

6 4 -2 0 4 6
G= degree 2 +(degree 4 et 6, disoriented)
European School of Magnetism, 37
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The anisotropy energy of that nanoparticle

European School of Magnetism,
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3 nm cobalt cluster

-0.4 | | | | |
| | R — 0
HDHy(T) '
0
(ot O SO 3 B e "
These M. Jamet, Lyon 2001 Fig. 2.6 Top view and side view of the experimental three dimensional angular depender
W. Wernsdorfer of the switching field of a 3 nm Co cluster at 35 mK. This surface 1s symmetrical with resp
Adv. Chem. Phys. to the /,—H ,—plane and only the upper part (p1of1. > 0 T) is shown. Continuous lines

118 (2001) the surface are contour lines on which pig H . is constant.



Surface anisotropy in ultrathin films

K,: 10-3 J/m?
D.:1nm

K =K, +2K/D

Keff < HO Msz/ 2

Transition thickness

European School of Magnetism,

Constanta, 2005: André THIAVILLE

DC

!

Keff > Ho Msz/ 2

2K

S

u M /12K
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Another 3 nm cobalt cluster

o7 = -
Di0E e —
< e
I:-: 0 _'___.:.--'"" _-__::,_ _
=] - -
=5
-0.05 _
= b " ]
| | | | |
-2 - 0 0.1 0.2
I'lI]H:,r(T)

Fig. 2.11 Angular dependence of the switching field of a 3 nm Co cluster showing a strong
influence of crystalline anmisotropy.

W. Wernsdorfer Adv. Chem. Phys. 118 (2001)

European School of Magnetism,
Constanta, 2005: André THIAVILLE
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Edge size / A

A cube with uniaxial anisotropy

1000

100+

104 O = 2K
2
_515:52:'- H 0 Ms
| e
0.001
Quality factor Q
' W. Rave et al. ]IMMM 190 332 (1998)
European School of Magnetism, 42
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R.P. Cowburn et al. APL 72 2041 (1998)

European School of Magnetism,

permalloy

A= 5 nm

flower

leaf

Constanta, 2005: André THIAVILLE
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Configuration anisotropy

7

permalloy :
a no anisotropy

R.P. Cowburn et al. APL 72 2041 (1998); Phys. Rev. B (1998)

European School of Magnetism, 44
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Phase diagram of domain walls 1n a soft nanostrip

t
permalloy  A=5nm |
7
4 1 1 | |
t=7.5nm: VW
3L Vortex Wall |
: L
ol Asymmetric Transverse Wall |
‘ t=6.0nm: ATW
1F .
Symmetric )
" Transverse Wall -e-e-3
O | | l | l | l I l — .

Y. Nakatani et al. ]IMMM 290-291 750 (2005)

European School of Magnetism,
Constanta, 2005: André THIAVILLE



Macrospin : magnetization reversal strategies

. de/dt = y,H 0=, v,Ht
d6/dt = oy, HO
\ 4
m(t=0) 0, : thermal fluctuations
o]
H do/dt = v H 0= oHt
—

Precessional switching

European School of Magnetism, 46
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Precessional switching 1n a platelet

0.08

o } A basically 2 step process
=
' - |[MxH ]

) //4 _

Field cutoff strategy:
Magnetisation vector
back to the film plane

These G. Albuquerque, Orsay, 2002

European School of Magnetism, 47
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Macrospin magnetisation trajectories

Overshoot

Non-
reversal

0 H H, European School of Magnetism, 48
Thése G. Albuquerque, Orsay, 2002  Constanta, 2005: André THIAVILLE



reversal

200

H,

150
@ g, .
‘I:H ©Z Hx

100

H /2
-E
50 | — s T

500 = 250 = 5 nm?
H, =~ 165 Oe

0 50 100 150 200
H (Oe)

. European School of Magnetism,
These G. Albuquerque, Orsay, 2002 Constanta, 2005: André THIAVILLE

] Macrospin precessional dynamics :
7 Cuve switching phase diagram

Overshoot | Green: Static switching threshold
Red: Dynamic switching threshold
Blue: Ballistic trajectories

Main Conclusion:
Switching possible
below
the static threshold

g

Most favorable case:
Transverse field

H,= Hy2

49



Precessional switching of a MRAM memory cell

— ' 200 .~
@ el]™ e
E— 50 —— gXp Q
, (a) B sim| @
C ; 2 u’.
. - B -
:";:HI PL T o o T
sk W .-""--- L)
SV Yy 1 ot
i |
L e K
D | e 0 40 E
‘——l..I : l
pm g I -1 -
l
FIG. 1. M 1 11 d in th ' 20
i L. agnetic memory cell used in the experiments. : :
(a) Optical micrograph. Spin valve cell (5V) with electrical time (ps) time (ps)
contacts (Cl, C2. surrounded by the dotted lines) and buried
pulse line (PL. marked by the white dashed line). (h) Sketch of H: 8 1 Oe H: 20 5 Oe
the magnetic field configuration H,,.. (along y) is applied
perpendicular to the initial and final magnetization M;. M. T= 175 pS T= 240 pS
© 2003 The American Physical Society 017204-1

H.W. Schumacher et al.
Phys. Rev. Lett. 90 017204 (2003)

European Scl
Constanta, 200



| = "?.--, i
0 p@OROBOFOBOSTOO
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- |
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. 140ps 155 Oe

" 400 600 800
Pulse duration (ps} ) 530 O

;‘1. 4180 195 Qe
_‘.r\['_'! 270ps 215 Oe

0

10
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20

H.W. Schumacher et al.
Phys. Rev. Lett. 90 017201 (2003)
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Precessional reversal of small elements

NiFe 500x 250x 5 nm, « S » state

\ NN e
AN N SR\

AN NS e X

RN NS\

AN NS e N\ X /

AN S\ — 7
LA R b R e Rl e bl S N L}

A e e ke O N /

M - IMxH 4]
/>

J. Miltat, A. Thiaville Science (perspectives section) 290 466 (2000)

H,

European School of Magnetism, 52
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(1) Initial phase :
quasi-coherent
reversal

250 ps

J. Miltat et al., in
Spin Dynamics in
confined structures I,
B. Hillebrands and
K. Ounadjela Eds. - o o o I R
(Springer, 2002) e -




(2) Breaking into
magnetization waves

with large out of plane
components




First observation: T. Shinjo et al., Science 289 (2000) 930

1 um

Natural state After saturation under 1 T
Sample : permalloy, 50 nm thick
European School of Magnetism, 55

Constanta, 2005: André THIAVILLE



Vortex core switching : Experimental measurements
T. Okuno et al., J. Magn. Magn. Mater. 240, 1 (2002)

diameter :

1.0F 4+ 200 nm ﬁﬂ/ﬁ' 1
s (TR w7
—#= T gz fewwem /)
3 o0 I
0 ]
g 041 i

| /
0.0 ’(Ja}

0 1000 2000 3000 4000 5000

:

I-IIa"Da

T g oo oo
W “ Fig. 5. Switching probability of a turned-up magnetization in

circular dots with the diameter of 0.2, 0.4 md [pm as a
functien of maenetc Geld normal w the sample plane. The
averaee switching feld is 4100, 3900 and 36500¢ in the sample
of 0.2, 04 and | pm in diameter. respectively.

European School of Magnetism, 56
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A Bloch point mediates the vortex core switching

B: from 331 to 332 mT

at =0 S P L i
Yool O

bob oo bbb t=1376.3 ps
iAo bbbl
d=100 nm S Loy o e

thickness=50 nm

mesh: 4x4x5 nm
damping o= 0.5

TR T T T R PR T S
R T T S T T
RN T TR T T T R T T
L TR R S
¥ 4 4 4+ oW ¥ W W

European School of Magnetism,
Constanta, 2005: André THIAVILLE



Bloch points at zero field

E. Feldtkeller
Z. angew. Phys.19 530 (1965)

hedgehog circulating spiraling

The exchange energy density diverges at the center (singularity)

It is lowest when 1/712% up to a uniform rotation

e, =(2A/NM?) E,=8t AR R:radius of the BP structure

European School of Magnetism, 58
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Bloch points at zero field : calculated structure

Vortex (diameter=200 nm, thickness=50 nm, meshing=2.5 nm; image size: 60nm)
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Vortex with a Bloch point in the middle
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The BP is stabilized at zero H because of mesh friction; as soon as the BP is not perfectly centered it is expelled

A. Thiaville et al. PRB 67 094410 (2003) European School of Magnetism,
Constanta, 2005: André THIAVILLE
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Domain wall dynamics in nanowires

Cobalt 30 x 30 nm

Yy —

Permalloy Nig,Fe,,

ANy 200 x 5 nm

European School of Magnetism, 60
Constanta, 2005: André THIAVILLE



Confinement effect on the domain wall width

P. Bruno, Phys. Rev. Lett. 83 2425 (1999)

\/ E=| {A(%)z + K sin’ e}S(x)dx

>
- d (4 do
/\ N 2WS dx(2A 4 S] 0
S(x)
0= ch(x)
2
S=SO£1+(§JJ = 0 Arctg() )
S=SO(1+%J = engid > wall width oc d
X

European School of Magnetism,
Constanta, 2005: André THIAVILLE
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Wall structure in a nanowire
NG Cobalt, 30x30 nm, maille 3 nm (167x 10x 10 points)
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Wall dynamics under field
Damping constant o= 0.1

H="SOOe H=100Oe H =150 Oe
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Bloch point wall 1n a cobalt nanowire

Cobalt, 30x30 nm, mesh 3 nm (167x 10x 10 points)

Bloch
point

European School of Magnetism,

64
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A permalloy nanostrip

I | -

thickness Snm ~ A = (2A/ p, M ?)!2

—

) T

— «——
antivortex T
displacement i

direction

Y. Nakatani et al. Nature Mater. 2, 521-523 (2003)

European School of Magnetism, 65
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Domain wall dynamics in a permalloy nanostrip (200 x 5 nm)
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wall molion velaty jm s

Effect of the roughness of strip edges

3 I Dafedt-Ire pdgps —+—
= & nm —=—
D= 7 nm——
|:| - 1 1 1
0 101 20 a0 40 all il
Externd fekd joe)

European School of Magnetism,
Constanta, 2005: André THIAVILLE



Thermodynamics of a macrospin

E =K V sin?0

dS =sinB dO dp /4 = sinO dO /2

Maxwell-Boltzmann statistics :

p(E) = exp(-E/kgT) / Z

KV
——— parameter

k, T

B

1r 11

08 10.8
S i
< 06} 106
Q L
o
Q 04F 104
an |
02+ 10.2
O L 1 L 1 L 1 L O
0 45 90 135 180
0 (degreés)
European School of Magnetism, 68

Constanta, 2005: André THIAVILLE
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0.025 —— k,T/KV = 0.1
—— 0.2
0.02 —— 0.3
—— 0.5
0.015 - 1.
—— 5.

densité de probabilité (u.a.)

0.01
0.005 fff
0 45 90 135 180
0
European School of Magnetism, 69
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Discrete orientation model (Néel-Brown)

r =1, expl[(E — E(u))/kT]
T'=rz,exp[(E — E(d))/kT]

European School of Magnetism, 70
Constanta, 2005: André THIAVILLE



Calculation of t,

roee

1/z, = @ >
l+a u M,
-
Wyyell

T,~qq. 10195

with 1, = 0.1 ns T=

formulas of Brown,

f (col) Coffey...

Is Imin 1h 1jour 1an 10 ans

one has AE/KT =

Superparamagnetism : when 1 <1

23 27 31 34 40 43

measurement

European School of Magnetism,
Constanta, 2005: André THIAVILLE
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Langevin field description of thermal fluctuations

—

dm _ Q/Heﬁxm+amxdm Hep = — 5_,+ch
t dt pM_ Som
(Fu) =0 (B 1)) = u 5, 8- 1)
From the
_ 2kTa i 2kTa fluctuation-dissipation
H = o(H th) = theorem, or by
YoMV y,M V dt  matching the final
probability distribution
N.B. supposes a slow evolution to Maxwell-Boltzmann
hao < qq. kT k/h =2 10" Hz/K
European School of Magnetism, 72

Constanta, 2005: André THIAVILLE



Beyond

Micromagnetics

European School of Magnetism,
Constanta, 2005: André THIAVILLE



Mn,,-acetate : a molecular magnet

E Ky

N EN NN
8
s

T T 1

-6 -4 -2 0 6
S=2 B, (T)
2
S |=882- 48 - 10 Fig. 2. Magnetization curves measured along the e-axis M{H) in
tota 1 Mn,z-ac, above the blocking temperature. Fit to the § =10

. . . . . _ Hamiltonian. Inset: calculated energy levels § = 10, 9. 8, ...
Fig. 1. Schematic representation of the molecule of Mn, ;-ac.

B. Barbara et al., JIMMM 200, 167 (1999)

European School of Magnetism, 74

Constanta, 2005: André THIAVILLE



Fig. 3. Hysteresis loops of Mn,,-ac. with the feld along the
c-axis. Alternations of plateaux and steps suggest a ‘macroscopic
quantization™ of the longitudinal magnetization component.
This in fact simply riminiscent of the quantization of §_ of
individual molecules + tunneling in the presence of a complex
environment.

Fig. 4. Mugnetization curves at dillerent sweeping helds in
My 2-ac.

B. Barbara et al., JMMM 200, 167 (1999)

European School of Magnetism, 75
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8. Bavbara et al. | Jaomal of Magnetivem and Magnetic Materialy 200 (19085 167 - 181 171

;
'

s 6 7 & 9 10
EIII.{I-'IW:I

=1
|

Fig. & Encrgy spectrom versus longitudinal Geld, calculated with the parameters givenin the Appendix. Inset: enlargement of then = 4

and m = — 10 level anti-crossing with the tunneling gap and a epresentation of the adiabatic Landan-#ener mechanism. Topy energy
harmier caloulated for a held corresponding o n = 4

European School of Magnetism, 76
Constanta, 2005: André THIAVILLE



Parity effect in tunneling

1000

A. Caneschi et al.
JMMM 200, 182
(1999)

A Egy (100 8 K)

-1 -0.5 a 1

P-I:IHtPinn[T]' o

Fig. 12 Measured tunnel splitting AL, at T =40 mk, as
a function of transwverse feld for = 0, and for guantum
transition between M = — l0and i85 — n). Note the parity ellect
when n is odd which is analog to the suppression of tunneling
predicted for hali-integer spins.
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Magnetism of Fe : free atom vs bulk

Free atom : Z= 28  1s? 2s22p°® 3s23p® 3d® 4s?

Hund’s rule : L=2 & S=2:6 py (4 Py : spin + 2 g : orbital)

Bulk metal : 3d & 4sp bands: 2.1 pg (2 pg : spin + 0.1 pg @ orbital)

O
@ @ @ @ @ @
O
@ @ @ @ @ @
<L,>=0 <L>#0
European School of Magnetism, 78

Constanta, 2005: André THIAVILLE



The simple model of P. Bruno (simplified)

o =AL-S§ for an atom
spin—orbit
A
A
> >
S L

A~10meV : AL =1 K= 10 meV/atom

(bulk Co : 5 10° J/m? =25 peV/atom)

European School of Magnetism, 79
Constanta, 2005: André THIAVILLE



Magnetic anisotropy and orbital moment
in Co clusters of a few atoms

Co / Pt(111)
0.01 plan atomique
8.5 x 8.5 nm?

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

Fig. 3. (&) L as a function of &
measured along the easy magne-
tization direction (B, = C°). (B)&
as a function of A. For compari-
son, the dashied and dashed-dot-
ted lines show the MAE per Co
atom of the L1, CoPt alloy and
hep-Co, respectively. The values
of n were determined in situ by
littirg the superparamagnetic
response of each particle assem-
bby by means of Eq. 3. The aver-
age sizes so obtained are within
+ 0% of those determined by
5TM for the same growth condi-
tiors. For a given size, the parti-
cles consist of different isomers.
Particles withi &5 =< i = 40 have a
compact shape. The Co inter-
atomic distance is that of the
underlying Pt lattice. The error
bars on the horizontal scale in
() and (B) represent the stan-
dard deviation of the size distri-
bution determined by S5TH.
(Inset) ¥ is plotted as a function
of L (filled squares) and as a
furction of Ar = r (0°) — r (70°)
for i = 1 [open diamonds). & =
0.1 comesponds to about AL =
0.2 pe: the ermors on Ar (not
shown)] are on the order of
004, The lines are guides to
the eye.
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Magnetism and transport

S

Schematic model of the 3D magnetic metals :

d electrons : localized, magnetism
s electrons : delocalized, transport

SRV

o = hert
m
1 _ 2« ‘ :
— ===V | k,T N(E
L_2zly [k, NGE,)
European School of Magnetism, 81
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Interlayer exchange coupling (1986)

Oscillation periods depend on spacer material and
crystalline orientation

European School of Magnetism,
Constanta, 2005: André THIAVILLE
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Calculations based on the electronic structure

Reflection
for Majority

10

CofCu(D01)
k{nm)
= a @

b B

Reflection Probakbility

IANEEEEEEEEES_
0.5 LK1

Cuf001)
5.88

-10-6 0 & 10

k_{nm'}

o

- 1o
s |
3 Eo
5
0 =10

A6-10-5 0 & 10 18
k, nm)

Raflaction
for Minority

-i0-5 0 § 10

K, (nm

'}

Co/Cu(110)

hd

Fig. 1. Critical spamming vectors and inberface relleclivilies. For
a serics of spacar layvers, magnetic mailerials, and interface ori-
entations, arganized in ross the middle peomels show slices
though the Farmi surface of ench spocer Inyer maberial for
o, = 0 The inlerfoce normal is the = direcion in all coses.
Superimpossd in red on the Fenmi surfaces are some of the
critical spanning vevlars Fach critical spanning vector is labelzd
by il associated coupling period in monolavers as daerminsd
from the cxparimental Fermi surfaces [22114]. In the @2t anid
right panclz. the Formi sourlswe is projectad onlo the & =0
plane. It i volor-godad based on the probability foc an electron
incident from the spacer byyer material 1o reflect from the inler-
fee with the magnetic maverial, Probabilities for elecirons wiih
gpins paraliel 1o the pajority and minority spin directions are
shown in the lelt and right pands respectively. The locations of
the critical spemning veclors are labelad by red circles centeraid
at the eritical point. The Cu Fermi surbee projecied inko
a (110 mterface and the Cr Farmi surface projecied inko
a 00 yinterface have multiple shests. To present these overlap-
ping sheels each s only shown in a facion of the interbee
Brillonin zone., The full Fermi surface can be reconstructed by
ralating the varions partial sheels inlo o the other symimetric
parls of the zomne

M.D. Stiles,
JMMM 200, 322 (1999)
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Giant

. + R'R (H=0)
magneto-remstance
(Fe 30 A/Cr18 &) (1988)
~ B0%
(Fe 30 A/Cr 12 &) 4,
(Fe30 Acra Ay W
L 1
0SE
i 'T 1 |]-|l .

- L | L ]
-4 | - -0 Q 10 20 30 0

Fe

Cr
Fe

Fig. 1. Magnetoresistance curves al £2K ol (Fe/Cr) multi- 84

lavers | 1)



B+ = (++R)/2

oy S

E-=K B = (Realf2

Fig. 3. Schematic picture of the GMR mechanism. The
electron trajectory between two scatlerings are represenied by
straight lines and the scattering by abrupt change in the
direction. The signs + and — are for spins 8, = 4 and —4
respectively. The arrows represent the majority spin direction in
the magnetic lavers.

wvulinualita, 4VvVvY. AlULC 1111 VvV 1Ly
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F
dt
° (] dy puimpg
F — =
Spin pumping "
Hy
m{t] k4 .
7 -] IEH{_‘R
s :
i I —= X
-d 0 L
SERKOVNYAK, BRATAAS, AND BALUER PHYSICAL REVIEW B 66, 224403 (2002
IS—Tr——T—— T 71— B L
| 1.8 @ Fy-Cull)-P

@ Pi-Pyd-P i O Py-Cull) 7

12 O Co-Pyid-Cu 1.6
ll"n 1.4 -
- 9+ ; - —,: i
“‘E X i dfg 1.2 -
E ﬁ— ] < 1 _-
— - 0.8 -
3 — @ ]
- F: S0 - G G - Dﬁ_ | 1 ] ]

0520 60 %0 100 10 100 1000 10000
d [A] L[A]

FIG. 3. Circles show measured (Ref. 6) Gilbert parameter & of

a permalloy film with thickness o sandwiched between two normal-

metal (Pt or Cu) lavers. Solid lines are predictions of our theory

with two fitting parameters. Gy, and g/'-Py bulk damping and
Py-Pt mixing conductance. respectively. see Eq. 122).

FIG. 5. Circles show the measurements by Mizukami ef al
(Ref. 16) of the Gilbert damping in Py-Cu-Pt trilayer and Py-Cu
bilayer as a function of the Cu buffer thickness L. Solid lines are

our theoretical prediction according to Eqs. (260 and (27).



Spin transfer effects

@ I (large)
F2
(- -

electrons
Angular momentum
D transfer due to the
F1 reorientation of the
m spins of the conduction
electrons
F2
European School of Magnetism, 87
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Spin-polarized current switching of a Co thin film nanomagnet

F.J. Albert, J. A. Katine and R. A. Buhrman
School of Applied and Engineering Physics, Cornell University, Ithaca, New York 14853

D. C. Ralph
Laboratory of Atomic and Stolid State Physics, Cornell University, Ithaca, New York 14853
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Conclusions :

Micromagnetics

- has witnessed many decades of increasing success

- becomes more and more challenged by experiments
on nanoscale samples

European School of Magnetism,
Constanta, 2005: André THIAVILLE
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