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Zeeman energy: E, =- /1gH.Mq "% & (#)
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Other notation J = - /7gM
Magnetic induction B = /75(M + H)
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Transformers
Flux guides, sensors Permanent magnets, motors
Magnetic shielding Magnetic recording
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Dipole

AW
(

g )+ q

Exchange ‘Anisotropy

/[ =pN

/g =2-3nm —— /g 3100 nm
Hard Soft

V4 ___________________________________________________________________________________________________________________________________________________________________________________________________________________________________|
/V&-Llnstitut Neel , Grenoble , France http:// - - lab- - neel.grenoble.cnrs.fr / themes /couches/ ext / slides

I %
/






| -

$ & DY

Numerous and complex Small number of domains, Magnetic
magnetic domains simple shape single-domain
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Z> 1. Macrospin models for coercivity
Z> 2. Coercivity in materials

ﬁ> 3. New ways for magnetization reversal
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Z> 1. Stoner-Wohlfarth and Astroids
ﬁ> 2. Thermal activation

ﬁ> 3. Experimental relevance
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Approximation : E])(F) = M =Cte

(strong!)
_ . 2 g
E ot _Vﬁéeff)sm q- mMgH,,, cos(q - qH)] 7/
Kett = Kme T Kg
. . . g
Dimensionless units:
e =sin®(g)- 2hcos(g- qy) e =E/VK
h=H/H,
H,, = 2K | rgMs
g
% % & O | v #)
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e= sinz(q) +2hcos(q) (qH :180°) \

2 W
:TT—e:ZSinq(cosq- h) %:O ( cos(gn)=h ) e

g° 0[p]

ﬂ 3

ﬂ_

. =2c0s2g - 2hcosq qgi(t)) 2(@
7 =4cos”q- 2- 2hcosq —(qm) 2(h* - 1) /\/\@/

I f

De = e(gmax) - €(0)

=1- h® +2h?- 2h h=1
(1- h) H=H, = 2K/ ngM
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A value of field at which an irreversible

Can be measured only in single particles.

(abrupt) jump of magnetization angle occurs.

The value of field at which M.H=0 (|,

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

switching field at the microscopic level

May be or may not be a measure of the mean
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L research memorandum—v—

|Bd WESCARCH CENTER PUUGHEEEPSIE, N Y

no. RM003,111,224
date october1, 1956

THEORY OF MAGNETIC HYSTERESIS IN
FILMS AND ITS APPLICATION TO COMPUTERS
by

J. C. SLONCZEWSKI

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

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
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De = e(gmnax) - €(0) = (1' h)2
B2 DE =kgT In(t/ty)

@/ F 08P fgr
Lab measurement : = 1s ~ 25keT
(h = mgMgH / 2K ) >Ke
2K 25kRT
He = -y
mMs

Information about
anisotropy density

v

Ty, » KV /25kg

v

Information about total
effective anisotropy

Notice, for magnetic recording : t »10% KV » 40 - 60kgT
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Energy Partition function Average moment
E=KV.i(q,/)- ngmH 7
. Z=exp(- bE) < m>= 1
bE =d.f(g,/)- hn bmZ H
$  #%
M
Z= v exp(— bE)dm Z= exp(bnoMH)+exp(— bnoMH)
Note: equivalent to < n >=M.tanh(x)
integration over solid angle Brillouin ¥4 function
<n>= M[cotanh(x) -1/ x] 1.0 e
Langevin function yid “ Brillouin PR
& P Langevin
P
& : i
' $
# () # *+
X = bnyMH Z 7 6 B
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Zero field susceptibility
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Initial susceptibility
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Low te

Exact solution
High temperature expansion: 1/3+4d/45

mperature expansion: 1-1/d
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MRAM = Magnetic Random Access Memory
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45( (' 4 ! Size in micrometers

Astroids of flat magnetic elements with increasing size
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Z> 1. Nucleation and propagation

ﬁ> 2. Some theories specific to thin films
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In most systems Hc 2K Exhibit analytic however realistic
mMs models for magnetization reversal
K
L |
Propagation
Nucleation
L€
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Use first-magnetization curves to determine the type of coercivity

K First magnetization

.2< 4
Nucleation-limited Propagation-limited
Ex: Sm,Co,, Ex: SmCo,
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Also called: nucleation volume Hypothesis:
Can be used for: Based on
L nucleation volume
Estimating Hc(T) q
: : : : Hc<<Ha
Estimating long-time relaxation
Determination of dimensionality Energy barrier E_O _
overcome by gain in
Note: of the order of domain wall width Zeeman energy plus
10 - thermal energy
. Pr_Fe B,
6 Eg =- ngMgv,H cos(gy ) + 25kgT
‘.”’)g E o _ ' 2- ol
4] 2 34+ FERRITE e
] O o
2] O I 15
] 5000000 o © c;‘u
O: 'O """""""""""""""" I
0 100 200 300 400 500 r b
T(K) S T S
More detailed models: S (deg)
5 3 4 2 3+ & &
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) b (( Fatuzzo/Labrune/Raquet model
dN = (Ng - N)Rdt

N: number of nucleated centers at time t
B N =No[1- exp(- Rt)] N,: total number of possible nucleation centers

R: rate of nucleation

(

R.: radius of critical nucleus
T: total area of sample

V,: speed of propagation of
domain wall

New nuclel

Growth of existing nuclei
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K=vq/(Rr.)

k iIs a measure of the

importance of wall propagation
versus nucleation events
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Note also for fast propagation of domain walls: breakdown of propagation speed (Walker)
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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

150 um 7 0r %
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Magnetization dynamics:
Landau-Lifshitz-Gilbert equation:

, a ,

L
§  Gyromagnetic factor

_ _ 99

90 = M09 g om

gl2p =28GHz/T

Effective field
(including applied)
T TEmag
MyPeft = - ——
LY
d  Damping coefficient (103 > 102)
' 7 O* %
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(1) E=1mMIN,m; - Kmg- mM¢Hm,  In-plane uniaxial anisotropy

2
y

Starting condition: m, =1

(2) m)2(+m +m22:1

— 2 2
(1) m e=1IN,m:- hemy- hm,

) 2h N,
- m;=1-——m, - —%—m
Using (2)‘ X N, +hy y N, +hy y
2 2
+
Can be rewritten: m)%+(my h/NZ) =1+ h
L+hy IN, N, (N, +hy)
| 2h h ,
Using (2 m=—"""m,- —K m
g (2™ T ™ N e ™
2 2 2
Can be rewritten: m e m . N h
‘ hg ’ y hK hK
Nz+hK
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* 1+hg /N,

2 (my +h/NZ)2 _

— == /= = == ey

e R

m;

+ -
‘hK) My
N, +hy

h2' W 0.847 gy Mg (H - Hy )/2
+
N, (N, +hy)
Field at 135°
2 2
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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

15 | @Applled field Precession period
g 0 2p19=35ps.T
= 10|
: B 25- 500 ps
g Precession damping
o0 1/(2pa) per period
0 45 90 T:ilane iizle 2é5 27‘0 3i5 360 (a — 001_ 05)

, * 2] 345+ 11 // *
FEL vsivn v
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Non-switched
//SWItChed

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

/ Stoner-Wohlfarth astroid

¢ (quasistatic limit)
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Can be viewed as the GMR-reversed effect 1"
$% & I"#

S

S Conventionnal hysteresis loop

S

a

3 Current-induced magnetization reversal
=

() 2%

= 60 28 ) >,

10 / 2 (' 5%
" 1< (/21 1 111)9 %
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2 1 1

12 nm 5 FePd
X Se—
© 4 nm {\E\\ . -
} 0 = E_Z/E/;:§>§ =i =
= 1 — /’//
=3 4 nm ° *
= -2 /E/ B
S
@) | )// |
s 442 nm . E/{/ FePt .

-1200 -1000 -800 -600 -40
FePt potential vs. Pt/ mV

See also: magnetic semiconductors, multiferroics etc.
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Combined heating
+ inverse Faraday effect

Magneto-optical
material. Tc=500K

Gd,,Fe;, ¢C0o3 4
Ti:S laser:
=800nm;  =40fs. Magnetization reversed
I T
%' wl, E; 5"‘ :
DR o BV ILIRRP S8 S 5
I ek -—G+
% $ /) .
K 9 s » —G-
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