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Outline

The static hysteresis loop

- Domain wall motion

The dynamic hysteresis loop

- Eddy currents and the theory of losses
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Hysteresis loop

rate independent hysteresis

Free energy

of oT oM
ot = Sar THot g 1o

dissipated energy

for isothermal processes

df = 1oH - dM — Todt

work dissipated energy

along the hysteresis loop

energy losses
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Why do we have energy dissipation with static processes?
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Domain wall motion

W 180° Bloch domain wall
Z X

y
A exchange stiffness
lw =1/ = . 50 nm
K anisotropy
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Domain wall motion

180° Bloch domain wall

position x of the DW
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Domain wall motion

Fe-Si <100> single crystal picture frame

|) Fe-Si single crystal picture frame 12
v (mm/s)
10
(A) d=0.35mm
R 8 1
(a)
2) prepare a single DW 6 (B) d0.325mm
4
® 2
3) apply the field H 4
Ll 2 3 4 5 6
4) velocity proportional to H ol H (A/m)
but with the threshold Ho Ho Hy

v = a (H-Ho)
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Domain wall motion

Control H to have a constant dx/dt
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Domain wall motion

of picture frame
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Hysteresis loop

metastability
Gr(x)=Fi(x)-Hx 1
energy minimum maximum
0G[,
B
or minimum L
minimum
R
Ox

V. Basso, Magnetization processes, AIMAG School Perugia 2025



Hysteresis loop

metastability

GL(x)=Fr(x)-Hx 4

energy minimum

0G,
ox

F
;QE_HZQ

Ox A ;
pinning field |

=0

H, (z) = oL

Oz

H = Hp(x)

V. Basso, Magnetization processes, AIMAG School Perugia 2025



Hysteresis loop

metastability

GL(x)=Fr(x)-Hx 4
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Hysteresis loop

metastability

GL(x)=Fr(x)-Hx 4
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Hysteresis loop

metastability

GL(x)=Fr(x)-Hx

Ho(x) 4
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Hysteresis loop

metastability

GL(x)=Fr(x)-Hx

I X A
E -
Hp(x) 4 i H
H
>
dr
= = alH - Hy()
velocity force
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Hysteresis loop

metastability

GL(x)=Fr(x)-Hx

Ho(x) 4
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irreversible

H




Hysteresis loop

metastability

GL(x)=Fr(x)-Hx 4

Hp(x) A H
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Hysteresis loop

metastability

GL(x)=Fr(x)-Hx 4

V. Basso, Magnetization processes, AIMAG School Perugia 2025



Hysteresis loop

metastability

GL(x)=Fr(x)-Hx 4

Ho(x) 4

V. Basso, Magnetization processes, AIMAG School Perugia 2025



Hysteresis loop

metastability

GL(x)=Fr(x)-Hx 4

Ho(x) 4

L
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Hysteresis loop

metastability

GL(x)=Fr(x)-Hx 4

Ho(x) 4
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Hysteresis loop

metastability

GL(x)=Fr(x)-Hx 4
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Hysteresis loop

metastability

GL(x)=Fr(x)-Hx 4
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Hysteresis loop

dissipation and metastability

X A
> metastable states
H
dx . .
i alH — Hy(x)] dissipation mechanism
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Hysteresis loop

branching and metastability

,/7?
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How to form continuous hysteresis branches?
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Hysteresis loop

Hysteresis
loop

static hysteresis branches
are never continuous!

Barkhausen
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Hysteresis loop

static hysteresis

hysteresis loop

metastability

local minima

irreversibility

energy dissipation
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Hysteresis loop

stochastic process

pinning field

p(X)

> x
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Hysteresis loop

|) pinning field as a

. A
stochastic process Hp(x)

i.e. the Wiener process

2) take the average

Rayleigh loops

L / Louis Néel (1904-2000)

ead— P ——. | T— 2 L

H [ arb. units ]

M [ arb. units )

M % My = XinlHy % i) = 5 (Hy % Hp?
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Hysteresis loop

The Preisach model of hysteresis

+Am

- Mayergoyz “representation theorem”

necessary and sufficient conditions:
- wiping out
- minor loop congruency
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The dynamic hysteresis loop

- Eddy currents and the theory of losses
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Dynamic hysteresis loop

Frequency dependent

1.0+ Non-oriented T
| Si-Fe 7

0.5}
— 0.0
0
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H[Am"] | 50: 200; 400; [k, 1.6k Hz
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Dynamic hysteresis loop

Eddy currents

Faraday’s law

0B
E=——
V X 5
in metals
j=o0.E

magnetic polarization

J:,qu

Eddy current field
V-Hegqy = 0
V X Heqgdy =  Jeddy

in soft magnetic materials

B~J
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Domain wall motion

Eddy currents

slab -
I

180° domain /
wall

d/2/r *—‘
O¢ % = H, — Hy(x)

-d/2

G=0.1356
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Theory of losses

loss separation

W = Whyst =+ Wcl =+ Wexc~

hysteresis loss classical loss excess loss
(domains) (slab geometry) (domains)

P=W-f

power loss energy loss per cycle
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Theory of losses

‘hysteresis Ioss‘
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Theory of losses
classical Ioss‘

B[ arb. units ]
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Theory of losses
classical Ioss‘

solid iron core
ne(ﬁyn
current

laminated iron core

B[ arb. units ]
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7.‘.2

W = Whyst(Jp) + ~-0ed 3 f

small conductivity

small thickness
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Theory of losses
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Theory of losses

excess loss periodic domain structure model of Pry and Bean
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Theory of losses
excess loss periodic domain structure model of Pry and Bean

2L«d|

s

d
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PzaedQ dJ\?
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classical loss!

loss

classical

hysteresis

» f
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Theory of losses
excess loss periodic domain structure model of Pry and Bean
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Theory of losses

individual DW
is the number of DWs proportional to the frequency?
loss o - loss
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Theory of losses

excess loss
Ha
|) excess field for a single DW /
dJ
H — eGS—
DW o dt

2) excess field for n DWs

active
i . HDW regions
exrc ——

n

3) n DWs proportional to the excess field

N A
HGZCC I/VO
N(Heze) = ng + + .. o /

Vo
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Theory of losses
excess loss —

n active
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Theory of losses
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thanks for your attention !
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