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• the pressure p

∂F

∂V

����
T,µ,...

= −p (4.29)

• the magnetic field H

∂F

∂µ

����
T,V,...

= µ0H (4.30)

and so on.

The Gibbs free energy is

G = F − µ0H · µ+ pV (4.31)

• the entropy S

∂G

∂T

����
p,H,...

= −S (4.32)

• the volume V

∂G

∂p

����
T,H,...

= V (4.33)

• the magnetic moment m

∂G

∂H

����
T,p,...

= −µ0µ (4.34)

and so on.

∂u

∂t
= T

∂s

∂t
+ µ0H · ∂M

∂t
− Tσs (4.35)

∂f

∂t
= −s

∂T

∂t
+ µ0H · ∂M

∂t
− Tσs (4.36)

∂g

∂t
= −s

∂T

∂t
− µ0M · ∂H

∂t
− Tσs (4.37)

∂s

∂t
+∇ · js = σs (4.38)

gL(.) = fL(.)− µ0Ha ·M (4.39)

gL(.) = fL(M,∇M,∇2M, ...)− µ0Ha ·M (4.40)

gL(.) = fL(.)−
1

2
µ0HM ·M− µ0Ha ·M (4.41)
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dissipated energy

for isothermal processes

∂u

∂t
= T

∂s

∂t
+ µ0H · ∂M

∂t
− Tσs (4.36)

The time variation of the free energy is

∂f

∂t
= −s

∂T

∂t
+ µ0H · ∂M

∂t
− Tσs (4.37)

or for isothermal processes

df = µ0H · dM− Tσsdt (4.38)

The time variation of the Gibbs free energy is

∂g

∂t
= −s

∂T

∂t
− µ0M · ∂H

∂t
− Tσs (4.39)

The Landau free energy fL(T,M) is not a thermodynamic potential because it does not for allow
for a unique minimum. The derivative

∂fl
∂M

����
T

= µ0H (4.40)

is an equation to be solved. By taking the Gibbs free energy

gL(.) = fL(.)− µ0H ·M (4.41)

the minima are given by the condition

δgL(.)

δM
= 0 (4.42)

δfL(.)

δM
= µ0H (4.43)

fL(T,M)
s thermodynamics of out-of-equilibrium states is based on the quantification of the second prin-

ciple. The continuity equation of the entropy is

gL(.) = fL(M,∇M,∇2M, ...)− µ0Ha ·M (4.44)

gL(.) = fL(.)−
1

2
µ0HM ·M− µ0Ha ·M (4.45)

δGL(.)

δM
= 0 (4.46)
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Why do we have energy dissipation with static processes?
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Domain wall motion
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d✓

dt
+ ↵ sin ✓

d'

dt
= µ0�GHeff,' (137)

↵
d✓

dt
� sin ✓

d'

dt
= µ0�GHeff,✓ (138)

The Gilbert type equation is particularly useful to solve micromagnetic problems when it is
written with spherical coordinates

C. Domain walls

The minimization of the magnetostatic energy term give rise to the formation of magnetic domains
and the balance between the exchange and anisotropy creates a transition region of finite width:
the domain wall (DW) [88]. In the bulk, the rotation of the magnetization vector inside a domain
wall is in the plane of the wall (Bloch wall) while in thin films with the domain magnetization in
the plane we can have a rotation out of the plane of the film (Néel wall). The energy of a DW
(J/m2) can be written as

uW = 2

✓
A

lW
+ KlW

◆
(139)

and the minimization provides

lW =

r
A

K
;

lW

lEX

=

r
Ms

HAN

(140)

and

uW = 4
p

AK;
uW

µ0M
2
s

= 2lEX

r
HAN

Ms

(141)

The detailed profile of the DW is lWr✓ = sin ✓. Therefore the DW width is ⇡lW .
a. DW pinning. Take x0 as the position of the center of the DW. With Ha 6= 0 and no pinning

the DW will move at constant velocity. In the case of pinning we have to admit that the DW
energy depends on position uW (x0). The fluctuations of the DW energy give rise to pinning. We
can define the pinning field as

Hp =
1

2µ0Ms

duW

dx0
(142)

Typical pinning field are fractions (from 0.1 to 0.5) of the anisotropy field. For the motion of the
DW we have the dynamic equation (here we neglect the precession term of the dynamic equation)

↵
1

µ0�GlW

dx0

dt
= Ha � Hp(x̂0) (143)

It is useful to use normalized variables. The field quantities are normalized by Ms, the length
quantities by lW , the time quantities by 1/(µ0�LMs). We get

↵
dx̂0

dt̂
= ha � hp(x̂0) (144)

In presence of eddy currents we have an additional contribution to damping ↵eddy = 2µ
2
0�LMslW�eGd

where G = 0.1356 and d is the thickness. With �e ⇠ 107 ⌦�1m�1, lW ⇠ 50 nm and µ0Ms ⇠ 1 T

exchange stiffness

anisotropy 50 nm



Domain wall motion

V. Basso, Magnetization processes,  AIMAG School Perugia 2025

slab

180° Bloch domain wall

position x of the DW



Domain wall motion
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Fe-Si <100> single crystal picture frame
1) Fe-Si single crystal picture frame

H0 H0

(A) d=0.35mm

(B) d=0.325mm

3) apply the field H

2) prepare a single DW

4) velocity proportional to H 
but with the threshold H0

V. Basso, Magnetization processes,  AIMAG School Perugia 2025



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

minimum minimum

maximum
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of picture frame

Domain wall motion
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Hysteresis loop

GL(x)=FL(x)-Hx

energy minimum

Chapter 6

Magnetization processes

6.1 Hysteresis loop

The constitutive equation of a ferromagnetic material M(H) has hysteresis. Take the sample case
of a scalar field (i.e. select one direction) and measure the average magnetization in the same
direction. Suppose also to have eliminated the demagnetizing effects due to the sample shape, i.e.
consider for example a toroidal sample. The most remarkable feature of hysteresis is the fact that
at low rate of change of the field it becomes rate independent, i.e. it does not go to zero, as the
rate of change of the field goes to zero.

6.1.1 Static hysteresis loop

6.1.2 Hysteresis and metastability

Take a magnetic system that can be described by the position of an individual DW (infinite slab
along x and z and of thickness d along y). The energy is

√
AK1. Suppose the energy of the DW

may have fluctuations with x. This is a free energy fL(x) (energy per square length). The Gibbs
free energy GL(x) is

GL = FL(x)− 2µ0Hx (6.1)

GL = FL(x)−Hx (6.2)

The Gibbs free energy is minimum at

∂GL

∂x
=

∂FL

∂x
− 2µ0H = 0 (6.3)

∂GL

∂x
= 0 (6.4)

∂GL

∂x
=

∂FL

∂x
−H = 0 (6.5)

By the definition of the pinning field

Hp(x) =
1

2µ0

∂FL

∂x
(6.6)
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metastability

Hysteresis loop

x
H

GL(x)=FL(x)-Hx

energy minimum
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Hp(x) =
∂FL

∂x
(6.7)

The equation is

H −Hp(x) = 0 (6.8)

when this is not satisfied we have irreversible processes and

∂GL

∂t
= −Tσs (6.9)

∂GL

∂x

∂x

∂t
= −Tσs (6.10)

−2µ0[H −Hp(x)]
∂x

∂t
= −Tσs (6.11)

With the linear system approximation

dx

dt
= α[H −Hp(x)] (6.12)

With eddy currents

σeG
dφ

dt
= H −Hp(x) (6.13)

dx

dt
=

1

σeGdJs
[H −Hp(x)] (6.14)

6.1.3 Magnetization processes and the hysteresis loop

The energy of a ferromagnet is rich of minima. A ferromagnet is in a local minimum of the energy.
When we apply an external magnetic field we change the energy landscape. This is the reason for
the existence of the hysteresis loop. When we apply a slowly increasing magnetic field we have the
sequence of these processes:

• The reversible motion of domain walls

• The irreversible motion of domain walls with big Barkhausen jumps

• The irreversible annihilation of closure domains

• The reversible rotation of the magnetization vector

The first two has to do with the magnetic domain walls. They can be described by stochastic
methods where one includes the structural disorder. The third has to do with the magnetostatic
energy. The last has to do with the anisotropy.
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pinning field
Hp(x) =

∂FL

∂x
(6.7)

The equation is
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H = Hp(x) (6.9)
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Hysteresis loop
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Hysteresis loop
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Hysteresis loop
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H
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∂x
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Hysteresis loop
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Hysteresis loop
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Hysteresis loop
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Hysteresis loop
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dissipation and metastability

Hysteresis loop

metastable states

Hp(x) =
∂FL

∂x
(6.7)

The equation is

H −Hp(x) = 0 (6.8)

H = Hp(x) (6.9)

when this is not satisfied we have irreversible processes and

∂GL

∂t
= −Tσs (6.10)

∂GL

∂x

∂x

∂t
= −Tσs (6.11)

−2µ0[H −Hp(x)]
∂x

∂t
= −Tσs (6.12)

With the linear system approximation

dx

dt
= α[H −Hp(x)] (6.13)

With eddy currents

σeG
dφ

dt
= H −Hp(x) (6.14)

dx

dt
=

1

σeGdJs
[H −Hp(x)] (6.15)

6.1.3 Magnetization processes and the hysteresis loop

The energy of a ferromagnet is rich of minima. A ferromagnet is in a local minimum of the energy.
When we apply an external magnetic field we change the energy landscape. This is the reason for
the existence of the hysteresis loop. When we apply a slowly increasing magnetic field we have the
sequence of these processes:

• The reversible motion of domain walls

• The irreversible motion of domain walls with big Barkhausen jumps

• The irreversible annihilation of closure domains

• The reversible rotation of the magnetization vector

The first two has to do with the magnetic domain walls. They can be described by stochastic
methods where one includes the structural disorder. The third has to do with the magnetostatic
energy. The last has to do with the anisotropy.
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dissipation mechanism
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x
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branching and metastability

Hysteresis loop

V. Basso, Magnetization processes,  AIMAG School Perugia 2025



How to form continuous hysteresis branches?
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Hysteresis loop

static hysteresis branches 
are never continuous!
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Hysteresis loop

static hysteresis

metastability

irreversibility

hysteresis loop

local minima

energy dissipation
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stochastic process

Hp(x) 

x

pinning field

Hysteresis loop
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Hysteresis loop

Louis Néel (1904-2000)

Rayleigh loops

1) pinning field as a 
stochastic process

i.e. the Wiener process

2) take the average

Hp(x) 

x
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The Preisach model of hysteresis

Hysteresis loop

- 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



Frequency dependent

1; 50; 200; 400; 1k, 1.6k Hz

Dynamic hysteresis loop
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Eddy currents

Dynamic hysteresis loop

dEDW

dx
− µ02MsH = 0 (6.1)

HP (x)−H = 0 (6.2)

Or better

γ
dx

dt
= H −HP (x) (6.3)

This model explain: the discontinuous motion of DWs and the hysteresis losses.

6.3 Static hysteresis and the Preisach model

6.3.1 Hysteresis branching: Preisach model

• return point memory

• minor loop congruency

• representation theorem

6.4 Dynamic hysteresis and theory of losses

6.4.1 Eddy currents

In conductive materials where j = σE, we may have currents induced by the induction changes in
the media due to Faraday equation:

∇×E = −∂B

∂t
(6.4)

i.e. eddy currents jeddy. These currents are also sources of a magnetic field

∇ ·Heddy = 0 (6.5)

∇×Heddy = jeddy (6.6)

which superimpose to the applied field Ha. The eddy current magnetic field satisfy the equation

∇2Heddy = σ
∂B

∂t
(6.7)

Since B = µ0(H+M), in soft materials M >> H we have

∇2Heddy − µ0σ
∂Heddy

∂t
= σ

∂M

∂t
(6.8)
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∂t
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i.e. eddy currents jeddy. These currents are also sources of a magnetic field

∇ ·Heddy = 0 (6.5)

∇×Heddy = jeddy (6.6)

which superimpose to the applied field Ha. The eddy current magnetic field satisfy the equation

∇2Heddy = σ
∂B

∂t
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∂Heddy

∂t
= σ

∂M

∂t
(6.8)
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Faraday’s law

in metals

Eddy current field

• The reversible rotation of the magnetization vector

The first two has to do with the magnetic domain walls. They can be described by stochastic
methods where one includes the structural disorder. The third has to do with the magnetostatic
energy. The last has to do with the anisotropy.

6.3 Dynamic hysteresis and theory of losses

6.3.1 Eddy currents

In conductive materials where j = σeE, we may have currents induced by the induction changes in
the media due to Faraday equation:

∇×E = −∂B

∂t
(6.16)

i.e. eddy currents jeddy. These currents are also sources of a magnetic field

∇ ·Heddy = 0 (6.17)

∇×Heddy = jeddy (6.18)

which superimpose to the applied field Ha. The eddy current magnetic field satisfy the equation

∇2Heddy = σ
∂B

∂t
(6.19)

Since B = µ0(H+M), in soft materials M � H we have

∇2Heddy − µ0σ
∂Heddy

∂t
= σ

∂M

∂t
(6.20)

In the next section we use the magnetic polarization J = µ0M and assume B � J.

6.3.2 Theory of losses

The property of energy loss separation [1] permits to separate the contribution of the energy loss
into contributions that are separated in time and space. Applied to ferromagnets in which the
main magnetization process is the motion of domain walls it give rise to the sum of three main
contributions: the hysteresis loss, the classical loss and the excess loss W = Whyst +Wcl +Wexc.
The hysteresis energy loss Whyst is frequency independent and is the area of the static hysteresis
loop. The classical loss Wcl is related to the partial penetration of the applied field in the material.
The excess loss Wexc is related to the eddy currents generated around a DW in motion. In case of
sinusoidal driving the relation between power loss P and energy loss per cycle W is P = W · f . In
the case of the geometry of a slab one find the profile for the penetration of the field as

H(y, t) = Ha(t)−
σe

2

dJ

dt

�
d2

4
− y2

�
(6.21)

The average value is

< H(t) >y= Ha(t)−
σed2

12

dJ

dt
(6.22)

Therefore the expression for the power loss is
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• The reversible rotation of the magnetization vector

The first two has to do with the magnetic domain walls. They can be described by stochastic
methods where one includes the structural disorder. The third has to do with the magnetostatic
energy. The last has to do with the anisotropy.

6.3 Dynamic hysteresis and theory of losses

6.3.1 Eddy currents

In conductive materials where j = σeE, we may have currents induced by the induction changes in
the media due to Faraday equation:

∇×E = −∂B

∂t
(6.16)

i.e. eddy currents jeddy. These currents are also sources of a magnetic field

∇ ·Heddy = 0 (6.17)

∇×Heddy = jeddy (6.18)

which superimpose to the applied field Ha. The eddy current magnetic field satisfy the equation

∇2Heddy = σ
∂B

∂t
(6.19)

Since B = µ0(H+M), in soft materials M � H we have

∇2Heddy − µ0σ
∂Heddy

∂t
= σ

∂M

∂t
(6.20)

In the next section we use the magnetic polarization J = µ0M and assume B � J.

6.3.2 Eddy currents for a DW

σeG
dφ

dt
= Ha −Hp(x) (6.21)

6.3.3 Theory of losses

The property of energy loss separation [1] permits to separate the contribution of the energy loss
into contributions that are separated in time and space. Applied to ferromagnets in which the
main magnetization process is the motion of domain walls it give rise to the sum of three main
contributions: the hysteresis loss, the classical loss and the excess loss W = Whyst +Wcl +Wexc.
The hysteresis energy loss Whyst is frequency independent and is the area of the static hysteresis
loop. The classical loss Wcl is related to the partial penetration of the applied field in the material.
The excess loss Wexc is related to the eddy currents generated around a DW in motion. In case of
sinusoidal driving the relation between power loss P and energy loss per cycle W is P = W · f . In
the case of the geometry of a slab one find the profile for the penetration of the field as

H(y, t) = Ha(t)−
σe

2
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dt
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4
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�
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The average value is
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magnetic polarization

• The reversible rotation of the magnetization vector

The first two has to do with the magnetic domain walls. They can be described by stochastic
methods where one includes the structural disorder. The third has to do with the magnetostatic
energy. The last has to do with the anisotropy.

6.3 Dynamic hysteresis and theory of losses

6.3.1 Eddy currents

In conductive materials where j = σeE, we may have currents induced by the induction changes in
the media due to Faraday equation:

∇×E = −∂B

∂t
(6.16)

i.e. eddy currents jeddy. These currents are also sources of a magnetic field

∇ ·Heddy = 0 (6.17)

∇×Heddy = jeddy (6.18)

which superimpose to the applied field Ha. The eddy current magnetic field satisfy the equation

∇2Heddy = σ
∂B

∂t
(6.19)

Since B = µ0(H+M), in soft materials M � H we have

∇2Heddy − µ0σ
∂Heddy

∂t
= σ

∂M

∂t
(6.20)

In the next section we use the magnetic polarization J = µ0M and assume B � J.

6.3.2 Eddy currents for a DW

σeG
dφ

dt
= Ha −Hp(x) (6.21)

6.3.3 Theory of losses

The property of energy loss separation [1] permits to separate the contribution of the energy loss
into contributions that are separated in time and space. Applied to ferromagnets in which the
main magnetization process is the motion of domain walls it give rise to the sum of three main
contributions: the hysteresis loss, the classical loss and the excess loss W = Whyst +Wcl +Wexc.
The hysteresis energy loss Whyst is frequency independent and is the area of the static hysteresis
loop. The classical loss Wcl is related to the partial penetration of the applied field in the material.
The excess loss Wexc is related to the eddy currents generated around a DW in motion. In case of
sinusoidal driving the relation between power loss P and energy loss per cycle W is P = W · f . In
the case of the geometry of a slab one find the profile for the penetration of the field as

H(y, t) = Ha(t)−
σe
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The average value is
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Domain wall motion
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• The reversible rotation of the magnetization vector

The first two has to do with the magnetic domain walls. They can be described by stochastic
methods where one includes the structural disorder. The third has to do with the magnetostatic
energy. The last has to do with the anisotropy.

6.3 Dynamic hysteresis and theory of losses

6.3.1 Eddy currents

In conductive materials where j = σeE, we may have currents induced by the induction changes in
the media due to Faraday equation:

∇×E = −∂B

∂t
(6.16)

i.e. eddy currents jeddy. These currents are also sources of a magnetic field

∇ ·Heddy = 0 (6.17)

∇×Heddy = jeddy (6.18)

which superimpose to the applied field Ha. The eddy current magnetic field satisfy the equation

∇2Heddy = σ
∂B

∂t
(6.19)

Since B = µ0(H+M), in soft materials M � H we have

∇2Heddy − µ0σ
∂Heddy

∂t
= σ

∂M

∂t
(6.20)

In the next section we use the magnetic polarization J = µ0M and assume B � J.

6.3.2 Theory of losses

The property of energy loss separation [1] permits to separate the contribution of the energy loss
into contributions that are separated in time and space. Applied to ferromagnets in which the
main magnetization process is the motion of domain walls it give rise to the sum of three main
contributions: the hysteresis loss, the classical loss and the excess loss W = Whyst +Wcl +Wexc.
The hysteresis energy loss Whyst is frequency independent and is the area of the static hysteresis
loop. The classical loss Wcl is related to the partial penetration of the applied field in the material.
The excess loss Wexc is related to the eddy currents generated around a DW in motion. In case of
sinusoidal driving the relation between power loss P and energy loss per cycle W is P = W · f . In
the case of the geometry of a slab one find the profile for the penetration of the field as

H(y, t) = Ha(t)−
σe

2

dJ

dt

�
d2

4
− y2

�
(6.21)

The average value is

< H(t) >y= Ha(t)−
σed2

12

dJ

dt
(6.22)

Therefore the expression for the power loss is
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• The reversible rotation of the magnetization vector

The first two has to do with the magnetic domain walls. They can be described by stochastic
methods where one includes the structural disorder. The third has to do with the magnetostatic
energy. The last has to do with the anisotropy.

6.3 Dynamic hysteresis and theory of losses

6.3.1 Eddy currents

In conductive materials where j = σeE, we may have currents induced by the induction changes in
the media due to Faraday equation:

∇×E = −∂B

∂t
(6.16)

i.e. eddy currents jeddy. These currents are also sources of a magnetic field

∇ ·Heddy = 0 (6.17)

∇×Heddy = jeddy (6.18)

which superimpose to the applied field Ha. The eddy current magnetic field satisfy the equation

∇2Heddy = σ
∂B

∂t
(6.19)

Since B = µ0(H+M), in soft materials M � H we have

∇2Heddy − µ0σ
∂Heddy

∂t
= σ

∂M

∂t
(6.20)

In the next section we use the magnetic polarization J = µ0M and assume B � J.

6.3.2 Eddy currents for a DW

σeG
dφ

dt
= Ha −Hp(x) (6.21)

6.3.3 Theory of losses

The property of energy loss separation [1] permits to separate the contribution of the energy loss
into contributions that are separated in time and space. Applied to ferromagnets in which the
main magnetization process is the motion of domain walls it give rise to the sum of three main
contributions: the hysteresis loss, the classical loss and the excess loss W = Whyst +Wcl +Wexc.
The hysteresis energy loss Whyst is frequency independent and is the area of the static hysteresis
loop. The classical loss Wcl is related to the partial penetration of the applied field in the material.
The excess loss Wexc is related to the eddy currents generated around a DW in motion. In case of
sinusoidal driving the relation between power loss P and energy loss per cycle W is P = W · f . In
the case of the geometry of a slab one find the profile for the penetration of the field as

H(y, t) = Ha(t)−
σe

2

dJ

dt

�
d2

4
− y2

�
(6.22)

The average value is
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loss separation

6.1.3 Barkhausen jumps and metastability

6.2 Domain wall motion

6.2.1 Barkhausen and energy losses: DW dispacement model

6.3 Static hysteresis and the Preisach model

6.3.1 Hysteresis branching: Preisach model

• return point memory

• minor loop congruency

• representation theorem

6.4 Dynamic hysteresis and theory of losses

6.4.1 Eddy currents

In conductive materials where j = σE, we may have currents induced by the induction changes in
the media due to Faraday equation:

∇×E = −∂B

∂t
(6.1)

i.e. eddy currents jeddy. These currents are also sources of a magnetic field

∇ ·Heddy = 0 (6.2)

∇×Heddy = jeddy (6.3)

which superimpose to the applied field Ha. The eddy current magnetic field satisfy the equation

∇2Heddy = σ
∂B

∂t
(6.4)

Since B = µ0(H+M), in soft materials M � H we have

∇2Heddy − µ0σ
∂Heddy

∂t
= σ

∂M

∂t
(6.5)

6.4.2 Theory of losses

The property of energy loss separation [1] permits to separate the contribution of the energy loss
into contributions that are separated in time and space. Applied to ferromagnets in which the
main magnetization process is the motion of domain walls it give rise to the sum of three main
contributions: the hysteresis loss, the classical loss and the excess loss. The hysteresis energy loss
Whyst is frequency independent and is the area of the static hysteresis loop. The classical loss is
related to the partial penetration of the applied field in the material. The excess loss is related
to the eddy currents generated around a DW in motion. The relation between power loss P and
energy loss W is P = W · f . In the case of the geometry of a slab one find an expression for the
classical power loss

32

power loss energy loss per cycle

• The reversible rotation of the magnetization vector

The first two has to do with the magnetic domain walls. They can be described by stochastic
methods where one includes the structural disorder. The third has to do with the magnetostatic
energy. The last has to do with the anisotropy.

6.3 Dynamic hysteresis and theory of losses

6.3.1 Eddy currents

In conductive materials where j = σeE, we may have currents induced by the induction changes in
the media due to Faraday equation:

∇×E = −∂B

∂t
(6.16)

i.e. eddy currents jeddy. These currents are also sources of a magnetic field

∇ ·Heddy = 0 (6.17)

∇×Heddy = jeddy (6.18)

which superimpose to the applied field Ha. The eddy current magnetic field satisfy the equation

∇2Heddy = σ
∂B

∂t
(6.19)

Since B = µ0(H+M), in soft materials M � H we have

∇2Heddy − µ0σ
∂Heddy

∂t
= σ

∂M

∂t
(6.20)

In the next section we use the magnetic polarization J = µ0M and assume B � J.

6.3.2 Eddy currents for a DW

σeG
dφ

dt
= Ha −Hp(x) (6.21)

6.3.3 Theory of losses

The property of energy loss separation [1] permits to separate the contribution of the energy loss
into contributions that are separated in time and space. Applied to ferromagnets in which the
main magnetization process is the motion of domain walls it give rise to the sum of three main
contributions: the hysteresis loss, the classical loss and the excess loss W = Whyst +Wcl +Wexc.
The hysteresis energy loss Whyst is frequency independent and is the area of the static hysteresis
loop. The classical loss Wcl is related to the partial penetration of the applied field in the material.
The excess loss Wexc is related to the eddy currents generated around a DW in motion. In case of
sinusoidal driving the relation between power loss P and energy loss per cycle W is P = W · f . In
the case of the geometry of a slab one find the profile for the penetration of the field as

H(y, t) = Ha(t)−
σe

2

dJ

dt

�
d2

4
− y2

�
(6.22)

The average value is
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hysteresis lossPcl =
σed2

12

�
dJ

dt

�2

(6.6)

and for sinusoidal J(t) = Jp sin(2πf)

Wcl =
π2

6
σed

2J2
pf (6.7)

The sum of the two is

W = Whyst(Jp) +
π2

6
σed

2J2
pf (6.8)

does not describe the frequency dependence of the soft magnetic materials. Pry and Bean considered
a periodic DW structure with spacing 2L. When the spacing is very large 2L � d the eddy currents
are fully developed around the DW then the power loss is

P =
1

2Ld
σeG

�
dφ

dt

�2

(6.9)

When the spacing is very small 2L � d the eddy currents are compensated therefore they coincide
with the classical loss

P =
σed2

12

�
dJ

dt

�2

(6.10)

In the statistical theory of losses one finds a way to pass from one limit to the other in the case of
complex domain structures with correlation regions. Consider a sample with cross section S

HW = σeGS
dJ

dt
(6.11)

is the excess field for the flux change attributed to a single DW.

Hexc =
HW

n
(6.12)

is the excess field for the flux change attributed to n DWs. In the statistical theory of losses one
assumes that the number of active DWs is proportional to the excess field

n(Hexc) = n0 +
Hexc

V0
+ ... (6.13)

The result is

W = Whyst(Jp) +
π2

6
σed

2J2
pf + 8

�
σeGSV0J

3/2
p f1/2 (6.14)

fully developed around the DW then the power loss is Then Jp/Js = Lp/L0. J = JsLp sin(2πf)/L0

The flux is φ = NJsdLp sin(2πf) N = 1/(2L0d). The power loss of a single domain wall is

dφ

dt
=

L0
P =

1

2Ld
σeG

�
dφ

dt

�2

(6.15)

P =
1

2Ld
σeG

�
dφ

dt

�2

(6.16)
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sinusoidal driving the relation between power loss P and energy loss per cycle W is P = W · f . In
the case of the geometry of a slab one find the profile for the penetration of the field as

H(y, t) = Ha(t)−
σe

2

dJ

dt

�
d2

4
− y2

�
(6.6)

The average value is

< H(t) >y= Ha(t)−
σed2

12

dJ

dt
(6.7)

Therefore the expression for the power loss is

Pcl =
σed2

12

�
dJ

dt

�2

(6.8)

For sinusoidal J(t) = Jp sin(2πf) the energy loss per cycle is linear with the frequency

Wcl =
π2

6
σed

2J2
pf (6.9)

However the sum of the two

W = Whyst(Jp) +
π2

6
σed

2J2
pf (6.10)

does not describe the frequency dependence of the soft magnetic materials. Therefore there should
be another dissipation mechanism. This is related to the presence of DWs. Pry and Bean considered
a periodic DW structure with domain spacing of 2L. When the spacing is very large 2L � d the
eddy currents developed around the DW do not interfere between different DWs. Therefore power
loss associated with the individual DW is

P = σeG

�
dφ

dt

�2

(6.11)

When the spacing is very small 2L � d the eddy currents of adjacent DWs interfere each other.
The result is that the losses coincide with the classical loss

P =
σed2

12

�
dJ

dt

�2

(6.12)

In the statistical theory of losses one finds a way to pass from one limit to the other in the case
of complex domain structures with correlation regions. The point is that at low frequencies the
DW are active at different times, therefore the interference is minimal, while at high frequency
they begin to be activated at the same time and the interference becomes to be active. Consider a
sample with cross section S. In the case of an individual DW the excess field is

HDW = σeGS
dJ

dt
(6.13)

If n DWs are active at the same time the excess field reduces to

Hexc =
HDW

n
(6.14)

In the statistical theory of losses one assumes that the number of active DWs is proportional to the
excess field
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sinusoidal driving the relation between power loss P and energy loss per cycle W is P = W · f . In
the case of the geometry of a slab one find the profile for the penetration of the field as

H(y, t) = Ha(t)−
σe

2

dJ

dt

�
d2

4
− y2

�
(6.6)

The average value is

< H(t) >y= Ha(t)−
σed2

12

dJ

dt
(6.7)

Therefore the expression for the power loss is

Pcl =
σed2

12

�
dJ

dt

�2

(6.8)

For sinusoidal J(t) = Jp sin(2πf) the energy loss per cycle is linear with the frequency

Wcl =
π2

6
σed

2J2
pf (6.9)

However the sum of the two

W = Whyst(Jp) +
π2

6
σed

2J2
pf (6.10)

does not describe the frequency dependence of the soft magnetic materials. Therefore there should
be another dissipation mechanism. This is related to the presence of DWs. Pry and Bean considered
a periodic DW structure with domain spacing of 2L. When the spacing is very large 2L � d the
eddy currents developed around the DW do not interfere between different DWs. Therefore power
loss associated with the individual DW is

P = σeG

�
dφ

dt

�2

(6.11)

When the spacing is very small 2L � d the eddy currents of adjacent DWs interfere each other.
The result is that the losses coincide with the classical loss

P =
σed2

12

�
dJ

dt

�2

(6.12)

In the statistical theory of losses one finds a way to pass from one limit to the other in the case
of complex domain structures with correlation regions. The point is that at low frequencies the
DW are active at different times, therefore the interference is minimal, while at high frequency
they begin to be activated at the same time and the interference becomes to be active. Consider a
sample with cross section S. In the case of an individual DW the excess field is

HDW = σeGS
dJ

dt
(6.13)

If n DWs are active at the same time the excess field reduces to

Hexc =
HDW

n
(6.14)

In the statistical theory of losses one assumes that the number of active DWs is proportional to the
excess field
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sinusoidal driving the relation between power loss P and energy loss per cycle W is P = W · f . In
the case of the geometry of a slab one find the profile for the penetration of the field as

H(y, t) = Ha(t)−
σe

2

dJ

dt

�
d2

4
− y2

�
(6.6)

The average value is

< H(t) >y= Ha(t)−
σed2

12

dJ

dt
(6.7)

Therefore the expression for the power loss is

Pcl =
σed2

12

�
dJ

dt

�2

(6.8)

For sinusoidal J(t) = Jp sin(2πf) the energy loss per cycle is linear with the frequency

Wcl =
π2

6
σed

2J2
pf (6.9)

However the sum of the two

W = Whyst(Jp) +
π2

6
σed

2J2
pf (6.10)

does not describe the frequency dependence of the soft magnetic materials. Therefore there should
be another dissipation mechanism. This is related to the presence of DWs. Pry and Bean considered
a periodic DW structure with domain spacing of 2L. When the spacing is very large 2L � d the
eddy currents developed around the DW do not interfere between different DWs. Therefore power
loss associated with the individual DW is

P = σeG

�
dφ

dt

�2

(6.11)

When the spacing is very small 2L � d the eddy currents of adjacent DWs interfere each other.
The result is that the losses coincide with the classical loss

P =
σed2

12

�
dJ

dt

�2

(6.12)

In the statistical theory of losses one finds a way to pass from one limit to the other in the case
of complex domain structures with correlation regions. The point is that at low frequencies the
DW are active at different times, therefore the interference is minimal, while at high frequency
they begin to be activated at the same time and the interference becomes to be active. Consider a
sample with cross section S. In the case of an individual DW the excess field is

HDW = σeGS
dJ

dt
(6.13)

If n DWs are active at the same time the excess field reduces to

Hexc =
HDW

n
(6.14)

In the statistical theory of losses one assumes that the number of active DWs is proportional to the
excess field

33

small conductivity

small thickness

classical loss

V. Basso, Magnetization processes,  AIMAG School Perugia 2025



excess loss

Theory of losses

NO SiFe, d=0.21 mm

sinusoidal driving the relation between power loss P and energy loss per cycle W is P = W · f . In
the case of the geometry of a slab one find the profile for the penetration of the field as

H(y, t) = Ha(t)−
σe

2

dJ

dt

�
d2

4
− y2

�
(6.6)

The average value is

< H(t) >y= Ha(t)−
σed2

12

dJ

dt
(6.7)

Therefore the expression for the power loss is

Pcl =
σed2

12

�
dJ

dt

�2

(6.8)

For sinusoidal J(t) = Jp sin(2πf) the energy loss per cycle is linear with the frequency

Wcl =
π2

6
σed

2J2
pf (6.9)

However the sum of the two

W = Whyst(Jp) +
π2

6
σed

2J2
pf (6.10)

does not describe the frequency dependence of the soft magnetic materials. Therefore there should
be another dissipation mechanism. This is related to the presence of DWs. Pry and Bean considered
a periodic DW structure with domain spacing of 2L. When the spacing is very large 2L � d the
eddy currents developed around the DW do not interfere between different DWs. Therefore power
loss associated with the individual DW is

P = σeG

�
dφ

dt

�2

(6.11)

When the spacing is very small 2L � d the eddy currents of adjacent DWs interfere each other.
The result is that the losses coincide with the classical loss

P =
σed2

12

�
dJ

dt

�2

(6.12)

In the statistical theory of losses one finds a way to pass from one limit to the other in the case
of complex domain structures with correlation regions. The point is that at low frequencies the
DW are active at different times, therefore the interference is minimal, while at high frequency
they begin to be activated at the same time and the interference becomes to be active. Consider a
sample with cross section S. In the case of an individual DW the excess field is

HDW = σeGS
dJ

dt
(6.13)

If n DWs are active at the same time the excess field reduces to

Hexc =
HDW

n
(6.14)

In the statistical theory of losses one assumes that the number of active DWs is proportional to the
excess field
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model of Pry and Bean

Theory of losses
periodic domain structure

2L≪d

2L

Pcl =
σed2

12

�
dJ

dt

�2

(6.6)

and for sinusoidal J(t) = Jp sin(2πf)

Wcl =
π2

6
σed

2J2
pf (6.7)

The sum of the two is

W = Whyst(Jp) +
π2

6
σed

2J2
pf (6.8)

does not describe the frequency dependence of the soft magnetic materials. Pry and Bean considered
a periodic DW structure with spacing 2L. When the spacing is very large 2L � d the eddy currents
are fully developed around the DW then the power loss is

P =
1

2Ld
σeG

�
dφ

dt

�2

(6.9)

When the spacing is very small 2L � d the eddy currents are compensated therefore they coincide
with the classical loss

P =
σed2

12

�
dJ

dt

�2

(6.10)

In the statistical theory of losses one finds a way to pass from one limit to the other in the case of
complex domain structures with correlation regions. Consider a sample with cross section S

HW = σeGS
dJ

dt
(6.11)

is the excess field for the flux change attributed to a single DW.

Hexc =
HW

n
(6.12)

is the excess field for the flux change attributed to n DWs. In the statistical theory of losses one
assumes that the number of active DWs is proportional to the excess field

n(Hexc) = n0 +
Hexc

V0
+ ... (6.13)

The result is

W = Whyst(Jp) +
π2

6
σed

2J2
pf + 8

�
σeGSV0J

3/2
p f1/2 (6.14)

fully developed around the DW then the power loss is Then Jp/Js = Lp/L0. J = JsLp sin(2πf)/L0

The flux is φ = NJsdLp sin(2πf) N = 1/(2L0d). The power loss of a single domain wall is

dφ

dt
=

L0
P =

1

2Ld
σeG

�
dφ

dt

�2

(6.15)

P =
1

2Ld
σeG

�
dφ

dt

�2

(6.16)
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Pcl =
σed2
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�
dJ

dt
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and for sinusoidal J(t) = Jp sin(2πf)

Wcl =
π2

6
σed

2J2
pf (6.7)

The sum of the two is

W = Whyst(Jp) +
π2

6
σed

2J2
pf (6.8)

does not describe the frequency dependence of the soft magnetic materials. Pry and Bean considered
a periodic DW structure with spacing 2L. When the spacing is very large 2L � d the eddy currents
are fully developed around the DW then the power loss is

P =
1

2Ld
σeG

�
dφ

dt

�2

(6.9)

When the spacing is very small 2L � d the eddy currents are compensated therefore they coincide
with the classical loss

P =
σed2

12

�
dJ

dt

�2

(6.10)

In the statistical theory of losses one finds a way to pass from one limit to the other in the case of
complex domain structures with correlation regions. Consider a sample with cross section S

HW = σeGS
dJ

dt
(6.11)

is the excess field for the flux change attributed to a single DW.

Hexc =
HW

n
(6.12)

is the excess field for the flux change attributed to n DWs. In the statistical theory of losses one
assumes that the number of active DWs is proportional to the excess field

n(Hexc) = n0 +
Hexc

V0
+ ... (6.13)

The result is

W = Whyst(Jp) +
π2

6
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2J2
pf + 8

�
σeGSV0J

3/2
p f1/2 (6.14)

fully developed around the DW then the power loss is Then Jp/Js = Lp/L0. J = JsLp sin(2πf)/L0

The flux is φ = NJsdLp sin(2πf) N = 1/(2L0d). The power loss of a single domain wall is

dφ
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=
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P =
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< H(t) >y= Ha(t)−
σed2

12

dJ

dt
(6.23)

Therefore the expression for the power loss is

Pcl =
σed2

12

�
dJ

dt

�2

(6.24)

For sinusoidal J(t) = Jp sin(2πf) the energy loss per cycle is linear with the frequency

Wcl =
π2

6
σed

2J2
pf (6.25)

However the sum of the two

W = Whyst(Jp) +
π2

6
σed

2J2
pf (6.26)

does not describe the frequency dependence of the soft magnetic materials. Therefore there should
be another dissipation mechanism. This is related to the presence of DWs. Pry and Bean considered
a periodic DW structure with domain spacing of 2L. When the spacing is very large 2L � d the
eddy currents developed around the DW do not interfere between different DWs. Therefore power
loss associated with the individual DW is

P = σeG

�
dφ

dt

�2

(6.27)

When the spacing is very small 2L � d the eddy currents of adjacent DWs interfere each other.
The result is that the losses coincide with the classical loss

P =
σed2

12

�
dJ

dt

�2

(6.28)

In the statistical theory of losses one finds a way to pass from one limit to the other in the case
of complex domain structures with correlation regions. The point is that at low frequencies the
DW are active at different times, therefore the interference is minimal, while at high frequency
they begin to be activated at the same time and the interference becomes to be active. Consider a
sample with cross section S. In the case of an individual DW the excess field is

HDW = σeGS
dJ

dt
(6.29)

If n DWs are active at the same time the excess field reduces to

Hexc =
HDW

n
(6.30)

In the statistical theory of losses one assumes that the number of active DWs is proportional to the
excess field

n(Hexc) = n0 +
Hexc

V0
+ ... (6.31)

The result is

Hexc =
n0V0

2

�
−1 +

�

1 +
4σeGS

n2
0V0

dJ

dt

�
(6.32)
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1) excess field for a single DW

6.4.2 Theory of losses

PW = σeG

�
dφ

dt

�2

(6.9)

Pcl =
σed2

12

�
dI

dt

�2

(6.10)

PPB =
1

2Ld
PW (6.11)

PPB = Pcl (6.12)

n(Hexc) = n0 +
Hexc

V0
+ ... (6.13)

6.5 Magnetization processes

29

n

Hexc

n0

1/V0

Theory of losses
excess loss

< H(t) >y= Ha(t)−
σed2

12

dJ

dt
(6.23)

Therefore the expression for the power loss is

Pcl =
σed2

12

�
dJ

dt

�2

(6.24)

For sinusoidal J(t) = Jp sin(2πf) the energy loss per cycle is linear with the frequency

Wcl =
π2

6
σed

2J2
pf (6.25)

However the sum of the two

W = Whyst(Jp) +
π2

6
σed

2J2
pf (6.26)

does not describe the frequency dependence of the soft magnetic materials. Therefore there should
be another dissipation mechanism. This is related to the presence of DWs. Pry and Bean considered
a periodic DW structure with domain spacing of 2L. When the spacing is very large 2L � d the
eddy currents developed around the DW do not interfere between different DWs. Therefore power
loss associated with the individual DW is

P = σeG

�
dφ

dt

�2

(6.27)

When the spacing is very small 2L � d the eddy currents of adjacent DWs interfere each other.
The result is that the losses coincide with the classical loss

P =
σed2

12

�
dJ

dt

�2

(6.28)

In the statistical theory of losses one finds a way to pass from one limit to the other in the case
of complex domain structures with correlation regions. The point is that at low frequencies the
DW are active at different times, therefore the interference is minimal, while at high frequency
they begin to be activated at the same time and the interference becomes to be active. Consider a
sample with cross section S. In the case of an individual DW the excess field is

HDW = σeGS
dJ

dt
(6.29)

If n DWs are active at the same time the excess field reduces to

Hexc =
HDW

n
(6.30)

In the statistical theory of losses one assumes that the number of active DWs is proportional to the
excess field

n(Hexc) = n0 +
Hexc

V0
+ ... (6.31)

The result is
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n0V0
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< H(t) >y= Ha(t)−
σed2
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dJ

dt
(6.23)

Therefore the expression for the power loss is
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σed2
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�
dJ
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(6.24)

For sinusoidal J(t) = Jp sin(2πf) the energy loss per cycle is linear with the frequency

Wcl =
π2

6
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2J2
pf (6.25)

However the sum of the two

W = Whyst(Jp) +
π2

6
σed

2J2
pf (6.26)

does not describe the frequency dependence of the soft magnetic materials. Therefore there should
be another dissipation mechanism. This is related to the presence of DWs. Pry and Bean considered
a periodic DW structure with domain spacing of 2L. When the spacing is very large 2L � d the
eddy currents developed around the DW do not interfere between different DWs. Therefore power
loss associated with the individual DW is

P = σeG

�
dφ

dt

�2

(6.27)

When the spacing is very small 2L � d the eddy currents of adjacent DWs interfere each other.
The result is that the losses coincide with the classical loss

P =
σed2

12

�
dJ

dt

�2

(6.28)

In the statistical theory of losses one finds a way to pass from one limit to the other in the case
of complex domain structures with correlation regions. The point is that at low frequencies the
DW are active at different times, therefore the interference is minimal, while at high frequency
they begin to be activated at the same time and the interference becomes to be active. Consider a
sample with cross section S. In the case of an individual DW the excess field is

HDW = σeGS
dJ

dt
(6.29)

If n DWs are active at the same time the excess field reduces to

Hexc =
HDW

n
(6.30)

In the statistical theory of losses one assumes that the number of active DWs is proportional to the
excess field

n(Hexc) = n0 +
Hexc

V0
+ ... (6.31)

The result is
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< H(t) >y= Ha(t)−
σed2

12

dJ

dt
(6.23)

Therefore the expression for the power loss is

Pcl =
σed2

12

�
dJ

dt
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(6.24)

For sinusoidal J(t) = Jp sin(2πf) the energy loss per cycle is linear with the frequency

Wcl =
π2

6
σed

2J2
pf (6.25)

However the sum of the two

W = Whyst(Jp) +
π2

6
σed

2J2
pf (6.26)

does not describe the frequency dependence of the soft magnetic materials. Therefore there should
be another dissipation mechanism. This is related to the presence of DWs. Pry and Bean considered
a periodic DW structure with domain spacing of 2L. When the spacing is very large 2L � d the
eddy currents developed around the DW do not interfere between different DWs. Therefore power
loss associated with the individual DW is

P = σeG

�
dφ

dt

�2

(6.27)

When the spacing is very small 2L � d the eddy currents of adjacent DWs interfere each other.
The result is that the losses coincide with the classical loss

P =
σed2

12

�
dJ

dt

�2

(6.28)

In the statistical theory of losses one finds a way to pass from one limit to the other in the case
of complex domain structures with correlation regions. The point is that at low frequencies the
DW are active at different times, therefore the interference is minimal, while at high frequency
they begin to be activated at the same time and the interference becomes to be active. Consider a
sample with cross section S. In the case of an individual DW the excess field is

HDW = σeGS
dJ

dt
(6.29)

If n DWs are active at the same time the excess field reduces to

Hexc =
HDW

n
(6.30)

In the statistical theory of losses one assumes that the number of active DWs is proportional to the
excess field

n(Hexc) = n0 +
Hexc

V0
+ ... (6.31)

The result is
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and for sinusoidal J(t) = Jp sin(2πf)

Wcl =
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pf (6.7)

The sum of the two is

W = Whyst(Jp) +
π2

6
σed

2J2
pf (6.8)

does not describe the frequency dependence of the soft magnetic materials. Pry and Bean considered
a periodic DW structure with spacing 2L. When the spacing is very large 2L � d the eddy currents
are fully developed around the DW then the power loss is

P =
1

2Ld
σeG

�
dφ

dt

�2

(6.9)

When the spacing is very small 2L � d the eddy currents are compensated therefore they coincide
with the classical loss

P =
σed2
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In the statistical theory of losses one finds a way to pass from one limit to the other in the case of
complex domain structures with correlation regions. Consider a sample with cross section S

HW = σeGS
dJ

dt
(6.11)

is the excess field for the flux change attributed to a single DW.

Hexc =
HW

n
(6.12)

is the excess field for the flux change attributed to n DWs. In the statistical theory of losses one
assumes that the number of active DWs is proportional to the excess field

n(Hexc) = n0 +
Hexc

V0
+ ... (6.13)

The result is
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3/2
p f1/2 (6.14)

fully developed around the DW then the power loss is Then Jp/Js = Lp/L0. J = JsLp sin(2πf)/L0

The flux is φ = NJsdLp sin(2πf) N = 1/(2L0d). The power loss of a single domain wall is
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and for sinusoidal J(t) = Jp sin(2πf)
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The sum of the two is
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does not describe the frequency dependence of the soft magnetic materials. Pry and Bean considered
a periodic DW structure with spacing 2L. When the spacing is very large 2L � d the eddy currents
are fully developed around the DW then the power loss is
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When the spacing is very small 2L � d the eddy currents are compensated therefore they coincide
with the classical loss
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In the statistical theory of losses one finds a way to pass from one limit to the other in the case of
complex domain structures with correlation regions. Consider a sample with cross section S

HW = σeGS
dJ

dt
(6.11)

is the excess field for the flux change attributed to a single DW.
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n
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is the excess field for the flux change attributed to n DWs. In the statistical theory of losses one
assumes that the number of active DWs is proportional to the excess field

n(Hexc) = n0 +
Hexc

V0
+ ... (6.13)

The result is
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fully developed around the DW then the power loss is Then Jp/Js = Lp/L0. J = JsLp sin(2πf)/L0

The flux is φ = NJsdLp sin(2πf) N = 1/(2L0d). The power loss of a single domain wall is
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