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Describing the average magnetization 
vector of a sample as a function of the 
external magnetic field
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Fig. 10.2 Hysteresis loops of a 65 Ni-35 Fe alloy after various heat treafinents: (a) annealed at

fO*OO"C and cooled quickly, (b) annealed at 425'C or cooled slowly ftom 1000'C' (c) annealed at

1000.C and cooled in a iongitudinal field, (d) same as (c) but with a transverse fleld' [R' M'
Bozorth, Ferromagnetism, reprinted by IEEE Press (1993)'l

of the annealing field. Subsequent magnetization in this direction can then take place
preferentially Uy tSO" watl motion. As a result, magnetostriction and magnetoresistance
Leasrred inthe annealing direction are reduced to very small values' Figure 10'3 illustrates
this point for a Ni-Fe alloy of slightly different composition. The central curve is for a speci-
men cooled slowly from töoo'c in ttre absence of a field; slow cooling from 600'C in a longi-
tudinal field (lower curve) greatly decreases the longitudinal magnetostriction and the same
ffeatment in a transverse field increases it. Furthermore, when the data for the upper curve aI€
replotred in the form "f i;r (B - ,f : (4nM)z (cgs) or Ä vs (B - pog)z : (p0M)2 (SD'
the resutt is a straight line in agreement with Equation 8.31' The magnetization process for
this specimen (annealing field transverse to axis) is therefore one of pure rotation of the
domain vectors through 90' fro* their initial positions transverse to the axis'

The anisotropy created by magnetic annealing is due to directional order 'rn the solid
solution, an idäa originated Uy §. Ctritazumi U. Phys. Soc' Japan,s (1950) p' 3271' t
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frequency: 
1 – 1600 HzNon-oriented

FeSi elect. 
steel

M(H)-loop depends on 
measuring frequency. Reason: 
eddy current- and other losses

Hysteresis loops and coercivity…
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M(H)-loop depends on 
field direction

Amorphous ribbon

Z

R

F

H

Hysteresis loops and coercivity…

Ku

Ku

Ku

12

M

H

3. Macroscopic level:
Magnetization curve



              

M(H)-loop depends on 
mechanical stress

Ni sheet
!

Hysteresis loops and coercivity…
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3. Macroscopic level:
Magnetization curve
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NiFe
Perm-
alloy

FeSi6.5

Grain size D

H
c [

A
/m

]

Amor-
phous   Nano-

 crystal-
line

1/D

D6

1

0.1

10

100

103

104

1 nm 1 µm 1 mm

Coercivity depends on 
microstructure (grain size)

Hysteresis loops and coercivity…

Permalloy

NiFe

FeSi6.5

Nano-
crystalline

Amor-
phous
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1. Microscopic level:
Atomic level theory

Spin

M

H

3. Macroscopic level:
Magnetization curve

3 descriptive levels of magnetic materials
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1. Microscopic level:
Atomic level theory

Spin

M

H

3. Macroscopic level:
Magnetization curve

2. Mesoscopic level:
Magnetic Microstructure 

Analysis

m = M/Ms 

3 descriptive levels of magnetic materials
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1. Microscopic level:
Atomic level theory

Spin

M

H

3. Macroscopic level:
Magnetization curve

2. Mesoscopic level:
Magnetic Microstructure 

Analysis

m(r), m2 = 1 
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FeSiB amorphous ribbon
(rapidly quenched)

M/Ms

H in kA/m

H

642–2–4–6

1

–1

M(H) loops and magnetic microstructure…
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displacement
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16



FeSiB amorphous ribbon
(rapidly quenched)

M/Ms

H in kA/m
Wall 

displacement

H

642–2–4–6

1

–1

Rotation

M(H) loops and magnetic microstructure…
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Classification of magnetic materials 
with respect to magnetic microstructure

1. Manifold of easy directions
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Classification of magnetic materials 
with respect to magnetic microstructure

1. Manifold of easy directions

Excursus to magnetic anisotropy

17

2. Quality factor



Excursus: Magnetic Anisotropy
Magnetic anisotropy: dependence of internal energy from magnetization direction

A
ni
so

tr
op

y 
ax

is

m Deviation of magnetization from anisotropy axes 
costs anisotropy energy

a) Magnetocrystalline anisotropy

depends on crystal symmetry, intrinsic

b) Induced anisotropy

e.g. adjustable by heat treatment, extrinsic

c) Stress-induced anisotropy
depends on magnetostriction, extrinsic (scales with size of mech. stress)

d) Shape anisotropy
depends on sample shape, extrinsic

18



Excursus: Magnetic Anisotropy

eKu = Ku1 • sin2Θ + Ku2 • sin4Θ + .... (potential series)

1. Uniaxial anisotropy:
e.g. hexagonal cobalt, tetragonal NdFeB: c-axis = easy axis

Anisotropy 
energy density

Anisotropy constant

eKc = Kc1• (m12m22 + m12m32 + m22m32) + Kc2 m12m22m32

mi = Magnetization components along cubic axes 
(direction cosine)
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ea
sy

 a
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easy axis

a) Magnetocrystalline anisotropy

2. Cubic anisotropy:
e.g. iron or nickel

A
ni

so
tr

op
y 

ax
is

m

Iron:

ea
sy

 a
xi

s

Nd2Fe14B:

Θ

Example iron: Kc1 = 4.7•104 J/m3

Example NdFeB: Kc1 = 5•106 J/m3
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Excursus: Magnetic Anisotropy
b) Induced anisotropy

A-Atoms B-Atoms

14 14 14 16

T   >  TCurie: M = 0

8 20 9 19

T   <  TCurie M

Statistical distribution of A- and B-atoms 
(non-ordered solid solution)

Pair ordering along M-direction

Precondition:
T < Tc (presence of Ms), but T large enough to allow diffusion (sufficient kinetics)

Annealing of magnetic alloy in magnetic field below Tc
causes easy axis parallel to magnetization vector

uniaxial anisotropy      Magnetization-induced anisotropy
Reason: anisotropic pair ordering of equal atoms

20



Excursus: Magnetic Anisotropy
c) Stress-induced anisotropy

σM

M σ

eme =       λs • σ • sin2θ3
2

Angle between 
M and stress σ

Mechanical
stress

Magnetostriction-
constant

(uniaxial compressive stress) 
σ < 0 :

λs > 0, σ > 0 : 
(tensile stress) 

Magnetoelastic energy
(isotropic material)

Uniaxial anisotropy with  Ku,σ = 3/2 λs σ
21



Excursus: Magnetic Anisotropy
d) Shape anisotropy

M

H

H1

H2

H1

H2

M

H

Ha

Hc

Demagnetizing factors

Uniaxial anisotropy with  Ku,s = 1/2µ0(Nc – Na)M2

Ha

Hcc

a

22
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Stress-induced anisotropy

Induced anisotropy

Crystalline NiFe

Amorphous

Nanocrystalline

Shape anisotropy

10–2 10–1 1 10 102 103 104 105 106 107 108

Magnetic anisotropy energy in J/m3

NiFe Ni Fe Co

Nd2Fe14B SmCo5

Magnetocrystalline 
anisotropy

Excursus: Magnetic Anisotropy



Classification of magnetic materials 
with respect to magnetic microstructure

1. Manifold of easy directions
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Classification of magnetic materials 
with respect to magnetic microstructure

1. Manifold of easy directions
Uniaxial materials Mulitaxial materials

One (strong) easy axis 3 or more non-planar easy axes in space

Examples: 
hexagonal, orthorhombic, tertragonal 

crystals with positive anisotropy

Examples: 
cubic crystals, metallic glasses, 

polycrystalline materials

5.3BulkCubicCrystals389

Fig.5.17.Domainsona(100)surfaceofsilicon-iron(Fe3wt%Si,amaterial
usedaselectricalsteel,magneticallyequivalenttopureiron).(a)Thedomainsare
allmagnetizedparalleltothesurface,yieldingaparticularlyclearpattern.(b)An
alternatepatternfromthesamespotafteranotherdemagnetization.Incontrast,
residualstressesgenerate“V-lines”(c)whichmarkinternaldomainsmagnetized
perpendiculartothesurface

Fig.5.18.180◦V-lines(a)and90◦V-lines(b)ona(100)ironsurface,bothin
twodifferentorientations.Thezigzagfoldingoftheinternal90◦wallsisomittedin
thesediagrams

Ateverypointofasampleusuallyoneofthecrystallographiceasyaxesis
preferredslightlyrelativetotheothers.Figure5.17bshowsapatternthatwas
obtainedatthesameplaceasthepatternin(a)afteranotherdemagnetizing
treatment.Thedetails,inparticularthemagnetizationdirectionsdifferfrom
thosein(a),butthelocallypreferredaxesagreelargelyinbothpatterns.

Residualstressesarealsoresponsibleforpatternsinwhichthefluxclosure
principleappearstobeviolated(Fig.5.17c).Herehiddeninternaldomainshit
thesurfaceasinthebasicLandau-Lifshitzpattern(Fig.1.2).The“domain
wall”visibleatthesurfaceconsistsinrealityofadomainwallpair,thecompo-
nentsofwhichintersectatthesurfaceformingaV[641].Asforregularwalls,
onemaydistinguishbetween90◦and180◦V-lines,dependingontheangle
betweenthesurfacemagnetizationdirections.Figure5.18showstheinternal
structureofthetwocases,whichcanbothbefoundinFig.5.17c.

FeSi, Polycrystal Met. glass

FeSi (100)

NdFeB

Easy
axis
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Classification of magnetic materials 
with respect to magnetic microstructure
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Classification of magnetic materials 
with respect to magnetic microstructure

2. Quality factor

Q =
Anisotropy constant K

Stray-field energy coefficient (Kd = µ0 Ms / 2)2

25



Classification of magnetic materials 
with respect to magnetic microstructure

2. Quality factor

Q =
Anisotropy constant K

Stray-field energy coefficient (Kd = µ0 Ms / 2)2

Excursus to Stray-field energy
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Example: thin plate
(stray-field exists only in interior - compare charged capacitor)

xy

z

div Hs  = – div M
1-dimensional change in z-direction (∂Mx/∂x = ∂My/∂y = 0): 

∂Hs/∂z = – ∂Mz/∂z  |∫
Hs = – Mz  + const    (const = 0, since no field outside) 

Es =    µ0 ∫ Hs2 dV  =    µ0 ∫ Mz2 dV½ ½

Special case (strongest stray-field): perpendicular magnetization           Mz = Ms

Es =    µ0 Ms2 V½

Definition: = Stray-field-energy coefficient
Measure for maximum stray-field energy density, material constant

M Hs

Kd =    µ0 Ms2½

Excursus: Stray field energy
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Example: thin plate
(stray-field exists only in interior - compare charged capacitor)

xy

z

div Hs  = – div M
1-dimensional change in z-direction (∂Mx/∂x = ∂My/∂y = 0): 

∂Hs/∂z = – ∂Mz/∂z  |∫
Hs = – Mz  + const    (const = 0, since no field outside) 

Es =    µ0 ∫ Hs2 dV  =    µ0 ∫ Mz2 dV½ ½

Special case (strongest stray-field): perpendicular magnetization           Mz = Ms

Es =    µ0 Ms2 V½

Definition: = Stray-field-energy coefficient
Measure for maximum stray-field energy density, material constant

M
HsM

N N N N

S S S S

Hs

Kd =    µ0 Ms2½

Excursus: Stray field energy
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Classification of magnetic materials 
with respect to magnetic microstructure

2. Quality factor
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Classification of magnetic materials 
with respect to magnetic microstructure

2. Quality factor

Q =
Anisotropy constant K

Stray-field energy coefficient (Kd = µ0 Ms / 2)2

Stress-induced anisotropy

Induced anisotropy

Crystalline NiFe

Amorphous

Nanocrystalline

Shape anisotropy

10–2 10–1 1 10 102 103 104 105 106 107 108

Magnetic anisotropy energy in J/m3

NiFe Ni Fe Co

Nd2Fe14B SmCo5

Magnetocrystalline 
anisotropy
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Classification of magnetic materials 
with respect to magnetic microstructure

2. Quality factor

Q =
Anisotropy constant K

Stray-field energy coefficient (Kd = µ0 Ms / 2)2

Q >> 1
Anisotropy energy dominates

Q << 1
Stray-field energy dominates

Anisotropy energy avoided Stray-field energy avoided

NdFeB Permalloy

Easy
axis

Co/Ni
multilayer
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Classification of magnetic materials 
with respect to magnetic microstructure

2. Quality factor

Q =
Anisotropy constant K

Stray-field energy coefficient (Kd = µ0 Ms / 2)2

Q >> 1
Anisotropy energy dominates

Q << 1
Stray-field energy dominates

Anisotropy energy avoided Stray-field energy avoided

After being 
magnetized, M 
stays along easy 
axis all through to 
surface poles at 
surface

Easy
axis

N N N

SSS

At remanence, 
M bends over at 
surface to avoid 
poles

Easy
axis
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Classification of magnetic materials 
with respect to magnetic microstructure

2. Quality factor

Q =
Anisotropy constant K

Stray-field energy coefficient (Kd = µ0 Ms / 2)2

However:
Coercivity is extrinsic parameter, determined by structural 

features (lattice defects, grain boundaries, partile size 
etc.)

Intrinsic Quality factor determines the ease with which a 
desired magnetic hardness (or softness) can be achieved
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Slater-Pauling curveCoFe

Number of (3d + 4s) electrons

Magnetic softness and hardness
Example 1: CoFe
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Magnetic softness and hardness
Example 1: CoFe

Co65Fe35 is low-anisotropy material: Q = 0.008 << 1

Application as soft magnet

                                 Dublin March 2007 18

Figure 12.10 A laboratory electromagnet

Tapered pole pieces; 55°

for maximum flux concentration in pole 
pieces of electromagnets
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Magnetic softness and hardness
Example 1: CoFe

Co65Fe35 is low-anisotropy material: Q = 0.008 << 1

Application as soft magnet

                                 Dublin March 2007 18

Figure 12.10 A laboratory electromagnet

Tapered pole pieces; 55°

for maximum flux concentration in pole 
pieces of electromagnets

Application in hard magnet
CoFe is ferromagnetic phase in 

Alnico permanent magnets

1 µm

FeCo-needles in non-magnetic AlNi-matrix

Large shape anisotropy 31



Magnetic softness and hardness

Nd2Fe14B-phase has very high anisotropy: Q = 4.7 >> 1

Stoichometric Nd2Fe14B single-phase 
material, microcrystalline, no texture

Soft magnetic hysteresis curve
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Magnetic softness and hardness
Example 2: NdFeB

Nd2Fe14B-phase has very high anisotropy: Q = 4.7 >> 1

Stoichometric Nd2Fe14B single-phase 
material, microcrystalline, no texture

Soft magnetic hysteresis curve
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Magnetic softness and hardness
Example 2: NdFeB

Nd2Fe14B-phase has very high anisotropy: Q = 4.7 >> 1

Stoichometric Nd2Fe14B single-phase 
material, microcrystalline, no texture

Soft magnetic hysteresis curve

Two-phase microstructure 
(Nd2Fe14B + Nd-rich phase), texture

Hard magnetic hysteresis curve
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Summary: Classification of magnetic materials
1. Microscopic level (atomic level theory)

2. Mesoscopic level (Magnetic microstructure)

3. Macroscopic level (Magnetization curve)

Easy
axis

Easy
axis

Uniaxial, 
high-anisotropy

materials

Paramagnets,  Ferromagnets, Antiferromagnets, Ferrimagnets,    Helimagnets

Multiiaxial, 
low-anisotropy

materials

Hard magnetic
materials

Soft magnetic
materials

Baby-Skyrmions in magnets

Elementary excitations in 
Quantum Hall magnets

Chiral Skyrmions

in noncentrosymmetric magnets
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Contents of lecture
1) Soft magnetic materials
• Basics
• FeNi alloys
• Cubic ferrites
• FeSi electric steel
• Amorphous ribbons
• Nanocrystalline ribbons

2) Hard magnetic materials
• Basics
• NdFeB sintered
• NdFeB nanostructured
• Hexa-Ferriete
• SmCo
• AlNiCo

3) Special materials
• Heusler alloys
• Magnetic shape memory materials
• Magnetocaloric materials
• Multiferroics
• Helimagnets
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Soft magnets: General Considerations

a) Purpose of soft magnetic material
Enhancement of flux density B, produced by current-carrying coil
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Types of cores: (a) stacked
laminations, (b)
tape-wound core, (c)
powder core (sectioned to
show internal structure)
and (d) ferrite E-core.

An inductor with and
without a soft magnetic
c0re.

Applications of soft magnets

12.4 low-frequency applications

lnductors are one of the three basic components of electric circuits. They are
circuit elements that resist any change of current through them. The voltage
drop across a resistanceless inductance of L herry is V() : -Läl l\t.If I - 111 sine»t, the resulting voltage Lls@cos@t has a phase lag of exactly
z/2. Consider the inductor as a long solenoid with cross section "4, length /
and n turns per metre. The flux density in the solenoid is penl. By Faraday's
law V : -i)Alil : -lton2lAAI löt;hence L - ll0n2lA. Fillingthe solenoid
with soft magnetic material of permeability p.. increases the flux density by
this factor, so that

L - ptrl-1,,n21.A.(12.24)

The soft magnetic core therefore increases the electrical inertia ofthe inductor
by orders of magnitude. Alternatively, the dimensions of a component with
a given inductance can be greatly reduced by including a soft core. Some
commonly used ones are shown in Fig. 12.12.

Low-frequency electrical machines include transfomers, motors and gener-
ators that operate at mains frequencies of 50 or 60H2, or 400H2 in the case
of airborne or shipborne power. They include soft iron cores to generate and
guide the flux. Eddy-current losses (12.4) are reduced by using thin laminations
of material with a high resistivity. Efficiencies of well-designed transformers
exceed 99oÄ; they are probably the most efficient energy converters ever made.
Core losses represent about a quarter of the total, the remainder being in the
windings. The core losses in transformers nevertheless cost some 10 billion
dollars per year. World-wide annual consumption of electrical energy is around
l8 x 10i2 kW h, which corresponds to an average rate of consumption of

(b) (a)

(d) (c)

Inductor without and 
with soft magnetic core

Without core: B = µ0H ,

With core: B = µ0H + J = µ0 (H + M) = µ0 µr H = µ H

Flux density
[Tesla]

Magn. field
[A/m]

Polarization
[Tesla]

Magnetization
[A/m]

Rel. Permeability
[  ]

Rel. Permeability µr :  inital permeabilty µr, in and maximum permeability µr, max

Example: B = µ0H = 0.001 T in air coil  (for H ≈ 800 A/m)
Soft magnetic core with µr = 1000 : B = µ0 µr H = 1 T  (multiplication by factor µr)
Limit: set by saturation induction: Bs ≈ Js = µ0 Ms

up to 1.000.000up to 100.000

with µ0 = 4 π 10–7 Vs
Am

Soft magnets: applied H is small        B(H) ~ J(H)

µr  = 1 + ! 

•

•
•

•
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Remark on Permeability: depends on sample shape

NS

H

Hdem

NS M

Happlied

Hdem – N•M

• Open sample

• Closed sample

Internal field:  Hin = Happlied   , N = 0

38
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Ways of measuring
magnetization with no
need for a demagnetizing
correction: (a) a toroid, (b)
a long rod and (c) a thin
plate.

Magnetostatics

l','

(c)

offthe plot of Fig. 2.8(b), where the ratios z are plotted on a logarithmic scale
over four orders of magnitude. The axes in the plot represent ellipsoids of
revolution.

2.2.5 lnternal and external fields

The external field I1', acting on a sample that is produced by steady electric
currents or the stray fleld of magnets outside the sample volunte, is often
called the applied field. The sample itself makes no contribution to -Fl'. The
internal field in the sample in our continuous medium approximation is the
sunr of the external field H'and the demagnetizing field f17 produced by the
magnetization distribution of the sample itself:

H : H'l Ha. (2.37;

So far we have been considering the magnetization M of the material as
rigid and uniform, essentially independent of the demagnetizing field. This
is justified only lor highly anisotropic permanent magnets having rectangular
M(H) hysteresis loops for which the coercivit.v H,. . Ha.More generally,
n.ragnetization is induced or modified by the externally applied field ll'. The
internal field in the magr.ret 11(r) depends, in turn, on the magnetization M(r).
Easiest to interpret are measurements of ,ll1(11) carried out in closed magnetic
circuits, where the demagnetizing 1ield is absent. An example is the toroid of
Fig. 2.9(a) where,V: 0 and the field is that of a long solenoid H : nl. An
alternative is to use a long bar or a thin fl1m, and apply the field in the direction
where rV = 0. lf it is inconvenient to produce the sample in one of these forms,
the best solution is to make it into a sphere for which the magnetization is
uniform and the demagnetizing factor f : j is precisely known. Failing this,
a cylindrical or block shape is used that can be approximately assimilated to an
ellipsoid, and the applied field is corrected by the appropriate demagnetizing
factor to obtain the internal field

H - H,-,VU. (2.38)

The approximation is double: 11 is not uniform because the sample is not an
ellipsoid, consequently M cannot be uniform either (Fig. 2.10).

ir
f
!:

I

I ")nl:t:
t.
I

Internal field:  Hin = Happlied – N•MInternal field:  Hin = Happlied – N•MInternal field:  Hin = Happlied – N•M

Demagnetizing field Hdem = –NM : 
acts opposite to magnetization M that 
creates it

Soft magnets: General Considerations
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M

Ha

M

Hi (inneres Feld)

Ha (Spulenfeld)

M

Ha

Infinite sample or closed ring: unsheared hysteresis curve: N = 0, i.e. Hin = Hext

Finite sample or open core: sheared hysteresis curve due to demagnetization effect 
(a higher Happlied is needed to achieve a given degree of M)

Happlied  (coil field)
Happlied = Hin

Happlied

M

N
N

N

S
S
S

M
Hin

Happlied  (coil field)

Demagnetization effect  ➞ Shearing of magnetizaton curve

Hin (intern. field)

Hdem

Soft magnets: General Considerations
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MH
s  =

 –
N
M

Hi, Ha

M(Ha)

M(Hi)

Hin , Happlied

M(Happlied)

M(Hin)

H
dem  = –NM

Demagnetization effect  ➞ Shearing of magnetizaton curve

• Internal field:  Hin = Happlied – N•M
• If a magnetization curve was measured 

on a finite sample, it has to be re-
sheared to obtain the M(Hin)-curve

• Relevant for magnetic materials is 
the M(Hin)-curve, as it is 
independent of the sample shape

• Permeability for soft magnetic 
materials is usually referred to 
internal field, because soft magnets  
tend to be used in torroidal 
geometry

Soft magnets: General Considerations
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a) Purpose of soft magnetic material
Enhancement of flux density B, produced by current-carrying coil

Soft magnets: General Considerations
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b) Characteristics of soft magnetic material
Large magnetization changes in small applied magnetic fields

High permeability µ
Large saturation magnetization Ms

Low coercivity Hc
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b) Characteristics of soft magnetic material
Large magnetization changes in small applied magnetic fields

High permeability µ
Large saturation magnetization Ms

Low coercivity Hc

c) (Basic-) Requirements to material:
Low anisotropy & low magnetostriction
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b) Characteristics of soft magnetic material
Large magnetization changes in small applied magnetic fields

High permeability µ
Large saturation magnetization Ms

Low coercivity Hc

c) (Basic-) Requirements to material:
Low anisotropy & low magnetostriction

a) Purpose of soft magnetic material
Enhancement of flux density B, produced by current-carrying coil

Why?
Excursus to 
magnetization processes and magnetostriction

Soft magnets: General Considerations
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Excursus: Magnetization processes
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Hysteresis curve and magnetization processes

Magnetization proceeds via rotation and wall motion

soft magnetic properties require 
easy rotation of M and easy motion of 

domain walls
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Amorphous ring core with 
transverse anisotropy
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Ms µ0 Ms

     2 Ku

µ0H + µ0M
µ0H

B
µ0H

- Anisotropy energy: eK = Ku sin2Θ
- External field energy: eH = –µ0HMs sinΘ
Total energy: etot = eK + eH

Minimization: ∂etot/∂Θ = 2Ku sinΘ cosΘ – µ0HMs cosΘ = 0

Magnetization in field direction: M = Ms sinΘ
2Ku (M/Ms) = µ0HMs

2Ku sinΘ = µ0HMs

M/Ms = H(µ0Ms /2Ku) ➞ linear M(H) curve,

Saturation (M/Ms = 1) at H = 2Ku /µ0Ms = HK

Anisotropy field
H/HK

M/Ms1

0
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a) Rotation of magnetization
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High permeability requires small anisotropy
to allow for easy rotation of magnetization

a) Rotation of magnetization
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a) Rotation of magnetization

Anisotropy counteracts rotation of magnetization

High permeability requires small anisotropy
to allow for easy rotation of magnetization
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- External field energy: eH = –µ0HMs sinΘ
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Minimization: ∂etot/∂Θ = 2Ku sinΘ cosΘ – µ0HMs cosΘ = 0
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     2 Ku
=  1 +  ≈ 

µ0 Ms
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2

a) Rotation of magnetization

Anisotropy counteracts rotation of magnetization

High permeability requires small anisotropy
to allow for easy rotation of magnetization

High permeability requires 
small magnetostriction (or stress)

Excursus: Magnetization processes
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Case of stress-induced anisotropy:  Ku,σ = 3/2 λs σ

B
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3 λs σ
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Excursus: Magnetization processes

b) Wall motion
Domain wall displacement increases volume of 
domains with magnetization component along 
field direction

•

Wwall = π √A/K

γ180 = 4 √A•K Specific wall energy: 

Domain wall width:
•

HH = 0
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1) Inhomogeneities in microstructure: Non-magnetic inclusions
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field direction
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Wwall = π √A/K

γ180 = 4 √A•K Specific wall energy: 

Domain wall width:
•

HH = 0
• Pinning of domain walls by:

1) Inhomogeneities in microstructure: Non-magnetic inclusions

Mechanism 1: If inclusion size ≈ wall width 
➞ wall is pinned, because it saves wall area 
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Excursus: Magnetization processes

b) Wall motion
Domain wall displacement increases volume of 
domains with magnetization component along 
field direction

•

Wwall = π √A/K

γ180 = 4 √A•K Specific wall energy: 

Domain wall width:
•

Pinning of domain walls by:

1) Inhomogeneities in microstructure: Non-magnetic inclusions

•
HH = 0

Mechanism 2: Large inclusions: Reduction of pole density by wall ➞ wall pinning

+
+
+
+ –

–
–
–

+
+

+
+ –

–
–

–Better:

Wall
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Domain wall displacement increases volume of 
domains with magnetization component along 
field direction

HH = 0

Excursus: Magnetization processes

b) Wall motion
•

•

γ180 = 4 √A•K Specific wall energy: 

Domain wall width:
•

Pinning of domain walls by:

Wwall = π √A/K
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Domain wall displacement increases volume of 
domains with magnetization component along 
field direction

HH = 0

Wall pinning No pinning

Wall pinning at boundary as long as stray field does not consume more energy 
than is saved by pinning wall at boundary
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b) Wall motion
•

•

γ180 = 4 √A•K Specific wall energy: 

Domain wall width:
•

Pinning of domain walls by:

Wwall = π √A/K

2) Inhomogeneities in microstructure: Phase- and grain boundaries
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Domain wall displacement increases volume of 
domains with magnetization component along 
field direction

HH = 0

Wall pinning No pinning

Wall pinning at boundary as long as stray field does not consume more energy 
than is saved by pinning wall at boundary

N

N
N

Wall

Excursus: Magnetization processes

b) Wall motion
•

•

γ180 = 4 √A•K Specific wall energy: 

Domain wall width:
•

Pinning of domain walls by:

Wwall = π √A/K

2) Inhomogeneities in microstructure: Phase- and grain boundaries

Charge-free wall orientation:

(m1 – m2) • n = 0
n

nm1

m2
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field direction
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3) Microstress

Domain wall displacement increases volume of 
domains with magnetization component along 
field direction

HH = 0

Excursus: Magnetization processes

b) Wall motion
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γ180 = 4 √A•K Specific wall energy: 

Domain wall width:
•

Pinning of domain walls by:

Wwall = π √A/K
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3) Microstress

Domain wall displacement increases volume of 
domains with magnetization component along 
field direction

HH = 0

Excursus: Magnetization processes

b) Wall motion
•

•

γ180 = 4 √A•K Specific wall energy: 

Domain wall width:
•

Pinning of domain walls by:

Wwall = π √A/K

H HH = 0

a) b) c)

H HH = 0

a) b) c)

H HH = 0

a) b) c)180° wall motion compatible with stress pattern, but 90° wall motion would 
generate conflict with stress pattern (note: more 90° walls in bulk materials)

H H
Stress-
induced 
anisotropy
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b) Wall motion
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Domain wall width:
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Fe-3 wt%-Si sheet (0.4 mm thick)
same location after different demagnetization
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Excursus: Magnetization processes

b) Wall motion
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Excursus: Magnetization processes

b) Wall motion

Pinning of domain walls by:

Inhomogeneities in microstructure (non-magnetic 
inclusions, phase boundaries, grain boundaries),

microstress, etc.
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b) Wall motion

Pinning of domain walls by:

Inhomogeneities in microstructure (non-magnetic 
inclusions, phase boundaries, grain boundaries),

microstress, etc.

Pinning causes Barkhausen jumps and coercivity
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Excursus: Magnetization processes

b) Wall motion
Pinning causes Barkhausen jumps and coercivity

50

Pinning force:
Ballance between gain in Zeeman energy (when moving 
wall by distance "x) and increase in wall energy "γ180 :

H

� � "x

Ms
2 µ0Ms H"x = "γ180(x)

2 µ0Ms H =                 = "x
"γ180(x)

dx
dγ180(x)

Gradient of spec. wall energy corresponds 
to force exerted by pinning sites on wall

Overcoming pinning requires critical field:

Hcrit  = 2 µ0Ms 

dγ180 /dx
;     H  > Hcrit : jump

Pinned wall

Pinning site

H = 0

Force of applied field
on wall



Excursus: Magnetization processes

b) Wall motion
Pinning causes Barkhausen jumps and coercivity

50

Pinning force:
Ballance between gain in Zeeman energy (when moving 
wall by distance "x) and increase in wall energy "γ180 :

H

� � "x

Ms
2 µ0Ms H"x = "γ180(x)

2 µ0Ms H =                 = "x
"γ180(x)

dx
dγ180(x)

Gradient of spec. wall energy corresponds 
to force exerted by pinning sites on wall

Overcoming pinning requires critical field:

Hcrit  = 2 µ0Ms 

dγ180 /dx
;     H  > Hcrit : jump

Pinned wall

Pinning site

H = 0
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Randomly fluctuating pinning force:

cH

Pressure of 
field on wall

H = 0: wall is at position (a) in energy minimum (no gradient, i.e. no force)
H > 0: reversible wall motion to right: finite slope dγ180 /dx ballances force of applied 
field. At point (b): maximum energy gradient = maximum restoring force
H >> 0: irreversible jump to position (c) : equal gradient as (b), i.e. equal restoring force.
At (c): wall is again pinned by stronger pinning force dγ180 /dx

Micro-hysteresis curve
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Excursus: Magnetization processes

b) Wall motion

Pinning of domain walls by:

• Inhomogeneities in microstructure (non-magnetic 
inclusions, phase boundaries, grain boundaries), because 
wall saves energy when sitting at pinning sites.
As specific wall energy γ180 scales wth √A•K :
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Low coercivity requires small anisotropy 
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Excursus: Magnetization processes

b) Wall motion

Low coercivity requires small anisotropy 
to prevent wall pinning

Pinning of domain walls by:

• Inhomogeneities in microstructure (non-magnetic 
inclusions, phase boundaries, grain boundaries), because 
wall saves energy when sitting at pinning sites.
As specific wall energy γ180 scales wth √A•K :

• Microstress

Low coercivity requires small magnetostriction 
to prevent wall pinning
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b) Characteristics of soft magnetic material
Large magnetization changes in small applied magnetic fields

High permeability µ
Large saturation magnetization Ms

Low coercivity Hc

c) (Basic-) Requirements to material:
Low anisotropy & low magnetostriction

a) Purpose of soft magnetic material
Enhancement of flux density B, produced by current-carrying coil

Why?

Soft magnets: General Considerations
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b) Characteristics of soft magnetic material
Large magnetization changes in small applied magnetic fields

High permeability µ
Large saturation magnetization Ms

Low coercivity Hc

c) (Basic-) Requirements to material:
Low anisotropy & low magnetostriction

a) Purpose of soft magnetic material
Enhancement of flux density B, produced by current-carrying coil

Why?
To prevent wall pinning (low coercivity) and 
allow for high permeability

Soft magnets: General Considerations

52



NiFe alloys

Soft magnets, 
Example 1: 
NiFe alloys 
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NiFe alloys
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NiFe alloys

bcc fcc

K1 :  
2 – 4 • 104 J/m3

Too high for 
soft magnets

Too low for 
hard magnets 
(and cubic)

55Fe
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a) Ni content around 80 wt%: 

high permeability expected 
in disordered state

K1 and λ small•
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a) Ni content around 80 wt%: 

high permeability expected 
in disordered state

K1 and λ small

K1 = 0 and λ = 0 requires additions:

• Rule of Rassmann and Hofmann:

A NiFe alloy shows maximum permeability 
if cubic anisotropy and average magneto-
striction vanish simultaneously. This is 
obtained by the following recipe:

• Take 14.5 at% Fe
• Take other metals, their atomic 

percentage multiplied with their 
valence summing up to 19.5 at%

• Fill up with Ni

Alloys with K1 = 0 and λs = 0:
• Ni 81 wt%   Mo 5 wt%
• Ni 77 wt%   Mo 4 wt%   Cu 5 wt%
• Ni 74 wt%   Mo 3 wt%   Cu 10 wt%�Fe bal

•

•
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a) Ni content around 80 wt%: 

high permeability expected 
in disordered state

K1 and λ small

K1 = 0 and λ = 0 requires additions:

• Rule of Rassmann and Hofmann:

A NiFe alloy shows maximum permeability 
if cubic anisotropy and average magneto-
striction vanish simultaneously. This is 
obtained by the following recipe:

• Take 14.5 at% Fe
• Take other metals, their atomic 

percentage multiplied with their 
valence summing up to 19.5 at%

• Fill up with Ni

Alloys with K1 = 0 and λs = 0:
• Ni 81 wt%   Mo 5 wt%
• Ni 77 wt%   Mo 4 wt%   Cu 5 wt%
• Ni 74 wt%   Mo 3 wt%   Cu 10 wt%�Fe bal

•

•

Permeability > 300.000 
Permalloy
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a) Ni content around 80 wt%: 

high permeability expected 
in disordered state

K1 and λ = 0 small

K1 = 0 and λ = 0 requires additions:

•

•

•

Wide domain walls (Wwall ~ √A/K), 
continuous magnetization configurations

Rule of Rassmann and Hofmann

•
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b) Ni content around 60 wt%: 
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b) Ni content around 60 wt%: 
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K1 still small, can be tuned by degree 
of ordering

•

•

T < TCurie

M(H)

Tc high: high diffusion 
kinetics for inducing 
anisotropy by field 
annealing

pronounced Z and F loops can be 
achieved

•



N>.o§a-Lo*za\t\

! 
o:- 

a
.a'Ez z
q3F5
! 

ox 
!z

!c-+
) 

d 
hd- 

*
I 

E EÄ I
^ 

-E6 
t

E §.e :g
5 

i 
otr 

-.
c 

999ä
]E §,8 h:

lg 
E 

- 
.i 

-
e 

:.az 
I

8 EE ö ä
z 

ruX o 9
'roq--+'Pm

 
O

 O
 

-.
=; 

-.=r
8.1 Ss r

^oJ
E gE E E
i!o9*
U ä 3= 

§
9o66-

I 
E EX! 

I
\-YEg:
qäclh

, 
.§8nEn

) 
kEo9E
= 

d -'.z 
i

ä? <-'." #
E EE M

t
.9.§ E tr_ä'

' 
ü 

5 
to:\

d 
c 

rO
 

!
,r 

!v 
oc: 

o

"l\r{;.s
, 

r:!.öE
!ää"[j"
Ä6- 

- 
o 

=
^.=^z--

Oo
s;.EEoo2

o
qo

ooN
o6

g. ur c1 elnle:edural et.tnC
oo@

o6
o

I ut "r uorlezuelod uorlelnleg

,1u71.1 ur H\ ldorlosrue lerxerun
No5q?

NrO
-NO

eu/l>i ul ty Ädotlosrue outllelsfuC
O

 
9-01, ul r sluelsuoc uoriclrlsoleu6eyr1

__L O

EIt ,,otsI

/
i -a:

l

i,l

i

§§§a§§§s§r

b§F\

iEäEEäEä3giEgägA:§ä;ääEgiäEEf3igääääää§Eä
§3€:.EEEäT

:äEtäE=äiäää§ääE!E!|§äg;E?|äEgiE=äääg!ääää
EEää*g ;i; lxE":i;;:E4äE; EEE;ei*E *,r*
:EäiAä:iE, iiääääi*ÄäEääsäE€Eiiä, ff äl? i;äEEiE Eä

ölal

ri 
I:€9 i+eEeä tiEäE*;gä 

iä;-'*2' ä.ätiä-'EE
E ä :i i2 E;re-rEi EE =: z=Ez\ 

; iE äE 3 € E*:=lzic-t
r€reEe; U;ääEl.äf:E*;i.;.ä utE€E; ätä'.E=.i='*
i|i:E+ä äEitirgäEEEäEE5ig , ErEEE :Eääif;Eä
*; § E E r;€
EEE ;Eii ;äEEe,i;äIE*EäEgä ä äIiiEE äEEääB*iES
€;: *EEi- eBtEcüä Es;:iääF;ä E ÄEii:iE ää;EtEäE€ä
Eää gE€ät EääiEiä ;ä;ä€EtgäE r EEEEiEE E;äBEEE;Hä

NiFe alloys
N>.o§a-Lo*za\t\

! 
o:- 

a
.a'Ez z
q3F5
! 

ox 
!z

!c-+
) 

d 
hd- 

*
I 

E EÄ I
^ 

-E6 
t

E §.e :g
5 

i 
otr 

-.
c 

999ä
]E §,8 h:

lg 
E 

- 
.i 

-
e 

:.az 
I

8 EE ö ä
z 

ruX o 9
'roq--+'Pm

 
O

 O
 

-.
=; 

-.=r
8.1 Ss r

^oJ
E gE E E
i!o9*
U ä 3= 

§
9o66-

I 
E EX! 

I
\-YEg:
qäclh

, 
.§8nEn

) 
kEo9E
= 

d -'.z 
i

ä? <-'." #
E EE M

t
.9.§ E tr_ä'

' 
ü 

5 
to:\

d 
c 

rO
 

!
,r 

!v 
oc: 

o

"l\r{;.s
, 

r:!.öE
!ää"[j"
Ä6- 

- 
o 

=
^.=^z--

Oo
s;.EEoo2

o
qo

ooN
o6

g. ur c1 elnle:edural et.tnC
oo@

o6
o

I ut "r uorlezuelod uorlelnleg

,1u71.1 ur H\ ldorlosrue lerxerun
No5q?

NrO
-NO

eu/l>i ul ty Ädotlosrue outllelsfuC
O

 
9-01, ul r sluelsuoc uoriclrlsoleu6eyr1

__L O

EIt ,,otsI

/
i -a:

l

i,l

i

§§§a§§§s§r

b§F\

iEäEEäEä3giEgägA:§ä;ääEgiäEEf3igääääää§Eä
§3€:.EEEäT

:äEtäE=äiäää§ääE!E!|§äg;E?|äEgiE=äääg!ääää
EEää*g ;i; lxE":i;;:E4äE; EEE;ei*E *,r*
:EäiAä:iE, iiääääi*ÄäEääsäE€Eiiä, ff äl? i;äEEiE Eä

ölal

ri 
I:€9 i+eEeä tiEäE*;gä 

iä;-'*2' ä.ätiä-'EE
E ä :i i2 E;re-rEi EE =: z=Ez\ 

; iE äE 3 € E*:=lzic-t
r€reEe; U;ääEl.äf:E*;i.;.ä utE€E; ätä'.E=.i='*
i|i:E+ä äEitirgäEEEäEE5ig , ErEEE :Eääif;Eä
*; § E E r;€
EEE ;Eii ;äEEe,i;äIE*EäEgä ä äIiiEE äEEääB*iES
€;: *EEi- eBtEcüä Es;:iääF;ä E ÄEii:iE ää;EtEäE€ä
Eää gE€ät EääiEiä ;ä;ä€EtgäE r EEEEiEE E;äBEEE;Hä

Large grain size prefered, as Hc ~1/D
 careful cold-working processing and 

heat treatment required to obtain 
proper recrystallization

Microstructure of NiFe alloys: 
•
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Large grain size prefered, as Hc ~1/D
 careful cold-working processing and 

heat treatment required to obtain 
proper recrystallization

Microstructure of NiFe alloys: 
•
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So far: 
Only static properties have been considered, 
i.e. material is magnetized in dc magnetic field or at 
very low magnetization rate (quasistatic conditions) 

Applications: 
• Shielding of dc magnetic field 
• Pole pieces in electromagnets

Soft magnets: General Considerations
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Magnetic shielding
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Magnetic shielding
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Hstray

Happlied

Hdem = –N M

M

M



Reed relay

No current in coil: 
strips separated 

Current in coil: 
strips are magnetized and 
attract each other 

 contact closed

Permalloy 
reeds

Coil
Contact

Current
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Vdrive

B

B

Vinduces

Time

Time

Time

Time

Hext = 0

Hext ≠ 0

Fluxgate Magnetometer

http://
www3.imperial.ac.uk

• Current through the drive: one half core generates B 
along Hext,  other half core in opposite direction

• Hext = 0: two half cores go into and come out of 
saturation at same time  B-fields  cancel  no net 
change of flux in sense winding  no voltage induced

• Hext ≠ 0: one half core comes out of saturation sooner, 
other half core later  net flux change  voltage 
two spikes in voltage for each transition in drive

• Size and phase of induced spikes magnitude and 
direction of Hext

• Typical field range: 0.1 nT – 1 mT (used in e.g. 
geomagnetic and archeological surveys)

Sense Winding
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Ground-fault interrupter

468 SOFT MAGNETIC MATERIALS

(a) Stacked laminations (b) Tape-wound core (c) Powder core
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tape-wound cofes are available made from material ranging from 0.014 to 0.000125 inch
(0.:o-o.oo:zmm)thick'Powder(dust)coresaremadeofironpowderoriron-nickel
alloy powder, about 50- i00 pm in diameter and therefore multidomain, each particle elec-
t icatty insulated by a suitable coating, and the whole pressed into a solid form, often a ring'
powdär cores are intended for high-frequency applications, up to about 100 kHz' At these
frequencies, Iosses would be intolerablä in bulk metallic materials, but subdivision of the
metal into fine powder effectively eliminates the eddy cuffents that cause the loss' This
result is achieved at the expens" Äf u u"ry large decrease in permeability, to values of the
order of 10-100, "u"n *h", the powder is made of high-permeabil§ alloy particles'
The reason is simply that each pafli;le is effectively surrounded by an "air gap" ofinsulat-
ing material, anA ine internal dlmagnetizing fields are therefore large' As a result the hys-
tÄsis loop is sheared over, resembling Fig. 9.43b, nd the permeability becomes constant
over a considerable range oi n"ta. At stitl higher frequencies, in the megahertz range, ferrite
cores have better propeiies than any metal powder cores because of their inherently high
electrical resistivity. The maior applications of soft magnetic alloys are the following'

special Transformers Permalloytype or amorphous alloys are used as transformer
cores in cases where high permeabilitv, low losses, or constant permeability are required'
A case of special impoiance is the transformer used it ground-fault interrupters, which
are circuit breakers designed to cut off power to a device if a potentially dangerous
amount of curent is lealäng to ground. Säth the current supply wire and the return wire
pass through the core or a mi.riatore transformer, and act as the primary winding (see
pig. tZ.ZZl.If there is no leakage current in the device, the two currents are equal and oppo-
siä, ,o no field is applied to the core and no flux change occurs. Ifthere is a leakage current'
the supply culTent is greater than the return current, and the net current applies a nonzero ac
field to the core. This generates a voltage in the secondary winding, which opens the circuit'
An unbalanced current of 5 mA, corresponding to a power of 0.6 watt at 120 Y, trips the
circuit breaker.

Fig. 13.21 Types of cores. The powder core has been sectioned to indicate its internal structure'

Fig. 13,22 Ground-fault interrupter circuit (schematic). If the current to the load is not equal to the
current from the load, a signal roirug" appears on the sensor winding and trips the circuit breaker'

(
!
i
f

Current 
supply wire

Return wire

Core 
(e.g.NiFe) Circuit 

breaker

Load

Current supply wire and return wire pass through magnetic core, they create 
magnetic field/flux
No leackage current in device 2 current are equal and opposite  no flux 
change in core
Leackage current supply current > return current  non-zero ac field in core  

generates voltage in secondary winding that opens circuit

•

•

•
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In most applications, soft magnetic materials are 
magnetized in ac magnetic fields! 

Soft magnets: General Considerations
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During each cycle of frequency f an amount of energy 
P/f = ∮H dB is irreversibly transformed into heat 
(∮ = area of loop) ��work required to unpin walls from 
pinning sites or to reorder domains

General: Loss of energy � Area of hysteresis loop

Stored
energy

Regained
energy

Lost
energy

Loss ��
Area of 

hysteresis 
loop 

P/f =  specific loss per cycle in [Ws/m3]
(„specific“ means: related to volume)

Losses
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Eddy currents

• Current pulse in coil 
→ changing magnetic flux ∂B/∂t 

• Faraday law rotE = –∂B/∂t 
→ circular electric field → eddy currents

• Lenz‘s rule: eddy current field opposes Hext 
(in magnetic material: eddy currents are high 
as permeability µ is very large and  B = µH )

• Interior of rod: eddy current field strong 
because contributions from current rings 
add up

• Applied ac field: Eddy currents change 
direction permanently → middle of rod: 
maximum induction B of outer parts is never 
reached because Hext already decreases 
before B gets maximum in middle → Interior 
of rod is shielded from external field by 
eddy currents → magnetic flux restricted to 
surface region („skin effect“). Effect 
increases with rising frequency
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• When wall is set in motion → 
change of magnetization is 
restricted to moving wall 
(permeability of domains can 
be neglected)

• Moving wall generates eddy currents, the 
magnetic field of which weakens the driving 
field → wall velocity decreases = eddy 
current damping

• With increasing frequency (i.e. wall velocity) 
this effect increases, so that wall 
contribution to magnetization process 
decreases with frequency → permeability  

• Eddy currents generate heat and loss. The 
lost energy has to be delivered by the 
power source to keep the wall in motion

Specific eddy current loss due to 
wall motion ~ v2    (v = const)

Eddy currents and permeability: wall damping
Wall velocity v

Eddy current field

Eddy 
current

External field
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Field

Frequenz: 1 Hz, 100 µm

Transformer steel

Eddy currents and permeability: wall damping74



Field

Frequenz: 1 Hz, 100 µm10 Hz

Transformer steel

Eddy currents and permeability: wall damping74



Field

Frequenz: 1 Hz, , 100 Hz 100 µm10 Hz

Transformer steel

Eddy currents and permeability: wall damping74



Field

Frequenz: 1 Hz, , 100 Hz , 1000 Hz 100 µm10 Hz

Transformer steel

Eddy currents and permeability: wall damping74



Eddy current-induced magnetic field is weaker at surface than in the bulk
➞ Wall moves faster at the surface
High velocities: walls run mostly parallel to the surface (skin effect) 

v = 0 4 8 20

Eddy currents and permeability: wall bowing

180° wall that runs 
perpendicular across the 
sheet, with increasing 
velocity (in reduced units)

direction of motion

cross 
section
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Power losses

5 loss mechanisms:

(A) Hysteresis loss
(B) Eddy current loss
(C) Anomalous loss
(D) After-effect loss
(E) Intrinsic loss

• General: loss of energy � area of hysteresis loop

•

•

Rising frequency 
➞ Hysteresis area increases 
➞ Loss increases

FeSi 
electrical steel
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(A) Hysteresis loss
• Occurs at slow remagnetizaton (f < 0.1 Hz ➞ quasistatic magnetization)

• Reasons:  

• (i) Localized eddy currents at Barkhausen jumps.
• (ii) Rearrangement of domain patterns (e.g. transformer steel: system of lancet 

domains is cyclically destroyed and rebuilt again ➞ energy, that is connected 
with lancet pattern, gets lost in each cycle)

Phys

f
= 4HcBm

d

• Hysteresis loss per cycle:

al
te

rn
at

in
g 

fi
el
d

Bm :  induction amplitude
   f :  frequency
   d: density

Lancet pattern in transformer steel
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(B) Eddy current loss
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• Eddy currents: Cause heat ~ Ieddy • R    (R = elect. resistance along current path)2

➞ Eddy current loss

(B) Eddy current loss
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massiver Kern Blechkern

Eingangs-
wicklung

Ausgangs-
wicklung

magnetischer Fluß
Eisenkern

U1

U2

A

A

Querschnitt bei AA

Wirbelströme im Transformator.
Der Wechselfluß im Transformatorenkern (a) induziert Wirbelströme (b). Durch Verwendung isolierter 
Bleche (c) werden die Wirbelströme gezwungen, innerhalb der einzelnen Bleche zu zirkulieren. 
Dadurch wird die Querschnittsfläche des Strompfades reduziert, damit die nach dem Faraday Gesetz 
induzierte Spannung und somit die Wirbelströme.

a) b) c)

Magnetic flux
FeSi core

Secondary
winding

Primary
winding

Bulk core Sheet core

cross section at AA

• Eddy currents: Cause heat ~ Ieddy • R    (R = elect. resistance along current path)2

➞ Eddy current loss

• Reduction of loss: Core made of isolated sheets ➞
• Shorter current path ➞ R�
• Smaller cross sectional area ➞ ∂B/∂t��➞ Uind�(Faraday‘s law) ➞ Ieddy�

(B) Eddy current loss
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Bleche (c) werden die Wirbelströme gezwungen, innerhalb der einzelnen Bleche zu zirkulieren. 
Dadurch wird die Querschnittsfläche des Strompfades reduziert, damit die nach dem Faraday Gesetz 
induzierte Spannung und somit die Wirbelströme.

a) b) c)

Magnetic flux
FeSi core

Secondary
winding

Primary
winding

Bulk core Sheet core

cross section at AA

• Eddy currents: Cause heat ~ Ieddy • R    (R = elect. resistance along current path)2

➞ Eddy current loss

• Reduction of loss: Core made of isolated sheets ➞
• Shorter current path ➞ R�
• Smaller cross sectional area ➞ ∂B/∂t��➞ Uind�(Faraday‘s law) ➞ Ieddy�

(B) Eddy current loss

• For sheets: 
Pclass

f
=
π2 D2 f Bm

2

6 ρ d
Pclass :  classical eddy current loss per cycle

D :  sheet thickness
Bm :  induction amplitude

f :  frequency,  ρ :  resistivity,  d: density
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• Eddy currents: Cause heat ~ Ieddy • R    (R = elect. resistance along current path)2

➞ Eddy current loss

• Reduction of loss: Core made of isolated sheets ➞
• Shorter current path ➞ R�
• Smaller cross sectional area ➞ ∂B/∂t��➞ Uind�(Faraday‘s law) ➞ Ieddy�

(B) Eddy current loss

• For sheets: 
Pclass

f
=
π2 D2 f Bm

2

6 ρ d
Pclass :  classical eddy current loss per cycle

D :  sheet thickness
Bm :  induction amplitude

f :  frequency,  ρ :  resistivity,  d: density

Assumption: uniform sinusoidal induction, complete flux penetration
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• Eddy currents: Cause heat ~ Ieddy • R    (R = elect. resistance along current path)2

➞ Eddy current loss

• Reduction of loss: Core made of isolated sheets ➞
• Shorter current path ➞ R�
• Smaller cross sectional area ➞ ∂B/∂t��➞ Uind�(Faraday‘s law) ➞ Ieddy�

(B) Eddy current loss

• For sheets: 
Pclass

f
=
π2 D2 f Bm

2

6 ρ d
Pclass :  classical eddy current loss per cycle

D :  sheet thickness
Bm :  induction amplitude

f :  frequency,  ρ :  resistivity,  d: density

Assumption: uniform sinusoidal induction, complete flux penetration

• Example: FeSi sheet, 
D = 0.5 mm, Bm = 1.5 Tesla, f = 50 Hz, ρ = 55 µΩcm, d = 7.6 g/cm3  
➞  Pclass/f  = 11•10–3 J/kg
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(B) Eddy current loss
Hysteresis loss per cycle:

Pclass

f
=
π2 D2 f Bm

2

6 ρ d

Classical eddy current loss per cycle:

Frequency f
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/f
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(B) Eddy current loss
Hysteresis loss per cycle:
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Classical eddy 
current losses, 
P/f ~ f

Hysteresis losses

• Measured losses higher 
than classical eddy current 
losses 
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Hysteresis loss per cycle:
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losses 

Anomalous eddy 
current losses 
~ √f

• ➞ Excess (anomalous) 
eddy current losses

(C) Anomalous eddy current (excess) loss
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Hysteresis loss per cycle:
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Hysteresis losses

• Measured losses higher 
than classical eddy current 
losses 

Anomalous eddy 
current losses 
~ √f

• ➞ Excess (anomalous) 
eddy current losses

• Reason: Domain wall motion 
is inhomogeneous 
magnetization process: 
change of magnetization and 
consequently eddy currents 
are concentrated around 
moving domain walls (see 
above). This effect is not 
considered in formula of 
classical eddy current loss

(C) Anomalous eddy current (excess) loss
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Eddy currents at moving walls:
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Domain multiplication in transformer steel
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Hysteresis loss per cycle:

Pclass

f
=
π2 D2 f Bm

2

6 ρ d

Classical eddy current loss per cycle:

Frequency f

Lo
ss

 p
er

 c
yc

le
 P

/f

Hysteresis losses

Anomalous eddy 
current losses 
~ √f

Total loss
expected

Classical eddy 
current losses, 
P/f ~ f

Total loss
(measured)

v ~ f   
➞  Peddy ~ v2 ~ f 2   
➞  P/f ~ f  expected

•

• However: P/f-curve non-linear

(C) Anomalous eddy current (excess) loss

82

Phys

f
= 4HcBm

d
Eddy currents at moving walls:



Hysteresis loss per cycle:

Pclass

f
=
π2 D2 f Bm

2

6 ρ d

Classical eddy current loss per cycle:

Frequency f

Lo
ss

 p
er

 c
yc

le
 P

/f

Hysteresis losses

Anomalous eddy 
current losses 
~ √f

Total loss
expected

Classical eddy 
current losses, 
P/f ~ f

Total loss
(measured)

v ~ f   
➞  Peddy ~ v2 ~ f 2   
➞  P/f ~ f  expected

•

• However: P/f-curve non-linear
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Reason: Increasing frequency 
➞ number of mobile domain 
walls increases (wall 
multiplication) 
➞ velocity of each wall can 
stay smaller to achieve a 
given induction change  
➞ reduction of eddy current 
losses (P ∼ v2) compared to 
case of fewer mobile walls

•

Eddy currents at moving walls:



(C) Anomalous eddy current (excess) loss
Ptotal  = Phys  + Pclass  + Pexcess  

  = Phys  + Pclass  • η  
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(C) Anomalous eddy current (excess) loss
Ptotal  = Phys  + Pclass  + Pexcess  

  = Phys  + Pclass  • η  
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The fewer domain walls, 
the higher the excess loss 
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• Occurs if lattice defects (like vacancies, foreign atoms, dislocations, etc.) are 
moved under the action of magnetization or temperature

• Thermal diffusion ➞ induced anisotropy: rotation sense of wall is „baked-in“ as 
anisotropy = pinning site for wall

domain 1 domain 2domain wall

Baked-in anisotropy

84



(D) After effect loss
• Occurs if lattice defects (like vacancies, foreign atoms, dislocations, etc.) are 

moved under the action of magnetization or temperature

• Thermal diffusion ➞ induced anisotropy: rotation sense of wall is „baked-in“ as 
anisotropy = pinning site for wall

domain 1 domain 2domain wall

Baked-in anisotropy
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(D) After effect loss
• Occurs if lattice defects (like vacancies, foreign atoms, dislocations, etc.) are 

moved under the action of magnetization or temperature

• Thermal diffusion ➞ induced anisotropy: rotation sense of wall is „baked-in“ as 
anisotropy = pinning site for wall

domain 1 domain 2domain wall

Baked-in anisotropy

Example: 
Carbon in iron

C-atoms occupy octahedral interstitial 
positions in bcc iron
For given M-direction: 3 possible 
interstitial sites have three different 
energies, because presence of 
interstitial influences exchange 
interaction between iron atoms 84



(D) After effect Loss
• Occurs if lattice defects (like vacancies, foreign atoms, dislocations, etc.) are 

moved under the action of magnetization or temperature

• Thermal diffusion ➞ induced anisotropy: rotation sense of wall is „baked-in“ as 
anisotropy = pinning site for wall

• If wall moves fast enough: induced anisotropy changes little during motion        
➞ friction-like loss

• If wall rests: becomes hard to move after some time ➞ static coercivity
• In between: time dependence of permeability and wall mobility

After effect or disaccommodation

85
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(E) Intrinsic Loss

• Eddy currents and after effect: cause phase shift between M and H (= loss)

• Non-conducting and after effect-free samples: 
M follows H up to frequencies  > 100 MHz without delay

Very high frequencies (> 1 GHz, microwave regime): 
it shows that magnetization is caused by 
angular momentum  ➞ gyrotropic motion

• Consequences:

• Ferromagnetic resonance

• Effective wall mass

• Limiting frequencies for domain walls

• Phenomenological description by Landau-Lifshitz-Gilbert equation

= -γ0 [M x Heff]  + α
Ms

[M x        ]dM
dt

dM
dt γ0

Heff
α

: gyromagnetic ratio

: acting magnetic field
: damping parameter

M

M x dM
dt

Heff

M x Heff

precession
relaxation

86

• All these phenomena cause intrinsic loss. Important in insulators and thin films



Soft magnets: General Considerations

Summary:
In bulk metallic soft magnetic materials:

Permeability decreases and coercivity increases with 
frequency due to increasing eddy current effects

468 SOFT MAGNETIC MATERIALS

(a) Stacked laminations (b) Tape-wound core (c) Powder core
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tape-wound cofes are available made from material ranging from 0.014 to 0.000125 inch

(0.:o-o.oo:zmm)thick'Powder(dust)coresaremadeofironpowderoriron-nickel
alloy powder, about 50- i00 pm in diameter and therefore multidomain, each particle elec-

t icatty insulated by a suitable coating, and the whole pressed into a solid form, often a ring'
powdär cores are intended for high-frequency applications, up to about 100 kHz' At these

frequencies, Iosses would be intolerablä in bulk metallic materials, but subdivision of the

metal into fine powder effectively eliminates the eddy cuffents that cause the loss' This

result is achieved at the expens" Äf u u"ry large decrease in permeability, to values of the

order of 10-100, "u"n *h", the powder is made of high-permeabil§ alloy particles'

The reason is simply that each pafli;le is effectively surrounded by an "air gap" ofinsulat-

ing material, anA ine internal dlmagnetizing fields are therefore large' As a result the hys-

tÄsis loop is sheared over, resembling Fig. 9.43b, nd the permeability becomes constant

over a considerable range oi n"ta. At stitl higher frequencies, in the megahertz range, ferrite

cores have better propeiies than any metal powder cores because of their inherently high

electrical resistivity. The maior applications of soft magnetic alloys are the following'

special Transformers Permalloytype or amorphous alloys are used as transformer

cores in cases where high permeabilitv, low losses, or constant permeability are required'

A case of special impoiance is the transformer used it ground-fault interrupters, which

are circuit breakers designed to cut off power to a device if a potentially dangerous

amount of curent is lealäng to ground. Säth the current supply wire and the return wire

pass through the core or a mi.riatore transformer, and act as the primary winding (see

pig. tZ.ZZl.If there is no leakage current in the device, the two currents are equal and oppo-

siä, ,o no field is applied to the core and no flux change occurs. Ifthere is a leakage current'

the supply culTent is greater than the return current, and the net current applies a nonzero ac

field to the core. This generates a voltage in the secondary winding, which opens the circuit'

An unbalanced current of 5 mA, corresponding to a power of 0.6 watt at 120 Y, trips the

circuit breaker.

Fig. 13.21 Types of cores. The powder core has been sectioned to indicate its internal structure'

Fig. 13,22 Ground-fault interrupter circuit (schematic). If the current to the load is not equal to the

current from the load, a signal roirug" appears on the sensor winding and trips the circuit breaker'
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amount of curent is lealäng to ground. Säth the current supply wire and the return wire
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siä, ,o no field is applied to the core and no flux change occurs. Ifthere is a leakage current'

the supply culTent is greater than the return current, and the net current applies a nonzero ac

field to the core. This generates a voltage in the secondary winding, which opens the circuit'

An unbalanced current of 5 mA, corresponding to a power of 0.6 watt at 120 Y, trips the

circuit breaker.

Fig. 13.21 Types of cores. The powder core has been sectioned to indicate its internal structure'

Fig. 13,22 Ground-fault interrupter circuit (schematic). If the current to the load is not equal to the

current from the load, a signal roirug" appears on the sensor winding and trips the circuit breaker'
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Powder core

To reduce losses:

•Sheet thickness: 0.36 – 0.032 mm
•Permeability drops at 1.000 –10.000 Hz
•Metallic films thinner 100 nm: drop in 
GHz regime

•Fe- or NiFe powder, 50 – 100 µm 
diameter, electr. isolated by coating

•Up to 100.000 Hz, but permeability only 
10 – 100 (demag. fields of particles) 87
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Powder core

To reduce losses:

•Sheet thickness: 0.36 – 0.032 mm
•Permeability drops at 1.000 –10.000 Hz
•Metallic films thinner 100 nm: drop in 
GHz regime

•Fe- or NiFe powder, 50 – 100 µm 
diameter, electr. isolated by coating

•Up to 100.000 Hz, but permeability only 
10 – 100 (demag. fields of particles)
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Soft magnets: General Considerations

Summary:
In bulk metallic soft magnetic materials:

Permeability decreases and coercivity increases with 
frequency due to increasing eddy current effects

468 SOFT MAGNETIC MATERIALS

(a) Stacked laminations (b) Tape-wound core (c) Powder core
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tape-wound cofes are available made from material ranging from 0.014 to 0.000125 inch

(0.:o-o.oo:zmm)thick'Powder(dust)coresaremadeofironpowderoriron-nickel
alloy powder, about 50- i00 pm in diameter and therefore multidomain, each particle elec-

t icatty insulated by a suitable coating, and the whole pressed into a solid form, often a ring'
powdär cores are intended for high-frequency applications, up to about 100 kHz' At these

frequencies, Iosses would be intolerablä in bulk metallic materials, but subdivision of the

metal into fine powder effectively eliminates the eddy cuffents that cause the loss' This

result is achieved at the expens" Äf u u"ry large decrease in permeability, to values of the

order of 10-100, "u"n *h", the powder is made of high-permeabil§ alloy particles'

The reason is simply that each pafli;le is effectively surrounded by an "air gap" ofinsulat-

ing material, anA ine internal dlmagnetizing fields are therefore large' As a result the hys-

tÄsis loop is sheared over, resembling Fig. 9.43b, nd the permeability becomes constant

over a considerable range oi n"ta. At stitl higher frequencies, in the megahertz range, ferrite

cores have better propeiies than any metal powder cores because of their inherently high

electrical resistivity. The maior applications of soft magnetic alloys are the following'

special Transformers Permalloytype or amorphous alloys are used as transformer

cores in cases where high permeabilitv, low losses, or constant permeability are required'

A case of special impoiance is the transformer used it ground-fault interrupters, which

are circuit breakers designed to cut off power to a device if a potentially dangerous

amount of curent is lealäng to ground. Säth the current supply wire and the return wire

pass through the core or a mi.riatore transformer, and act as the primary winding (see

pig. tZ.ZZl.If there is no leakage current in the device, the two currents are equal and oppo-

siä, ,o no field is applied to the core and no flux change occurs. Ifthere is a leakage current'

the supply culTent is greater than the return current, and the net current applies a nonzero ac

field to the core. This generates a voltage in the secondary winding, which opens the circuit'

An unbalanced current of 5 mA, corresponding to a power of 0.6 watt at 120 Y, trips the

circuit breaker.

Fig. 13.21 Types of cores. The powder core has been sectioned to indicate its internal structure'

Fig. 13,22 Ground-fault interrupter circuit (schematic). If the current to the load is not equal to the

current from the load, a signal roirug" appears on the sensor winding and trips the circuit breaker'
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are circuit breakers designed to cut off power to a device if a potentially dangerous
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pass through the core or a mi.riatore transformer, and act as the primary winding (see
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siä, ,o no field is applied to the core and no flux change occurs. Ifthere is a leakage current'

the supply culTent is greater than the return current, and the net current applies a nonzero ac

field to the core. This generates a voltage in the secondary winding, which opens the circuit'

An unbalanced current of 5 mA, corresponding to a power of 0.6 watt at 120 Y, trips the

circuit breaker.

Fig. 13.21 Types of cores. The powder core has been sectioned to indicate its internal structure'

Fig. 13,22 Ground-fault interrupter circuit (schematic). If the current to the load is not equal to the

current from the load, a signal roirug" appears on the sensor winding and trips the circuit breaker'

(
!
i
f

Powder core

To reduce losses:

•Sheet thickness: 0.36 – 0.032 mm
•Permeability drops at 1.000 –10.000 Hz
•Metallic films thinner 100 nm: drop in 
GHz regime

•Fe- or NiFe powder, 50 – 100 µm 
diameter, electr. isolated by coating

•Up to 100.000 Hz, but permeability only 
10 – 100 (demag. fields of particles) 87
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Powder core

To reduce losses:

•Sheet thickness: 0.36 – 0.032 mm
•Permeability drops at 1.000 –10.000 Hz
•Metallic films thinner 100 nm: drop in 
GHz regime

•Fe- or NiFe powder, 50 – 100 µm 
diameter, electr. isolated by coating

•Up to 100.000 Hz, but permeability only 
10 – 100 (demag. fields of particles)

Applications up to MHz regime:
Cubic Ferrites (insulators)
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Soft magnets, 
Example 2: 

Cubic Ferrites 
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Tetrahedral (A) site Octahedral (B) site

Metal ion in 
tetrahedral site

Metal ion in 
octahedral site

Oxygen ion

MO•Fe2O3

Mn2+
Ni2+
Fe2+

Zn2+
etc.

Fe3+ O2–
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Spinel structure

Tetrahedral (A) site Octahedral (B) site

Metal ion in 
tetrahedral site

Metal ion in 
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Oxygen ion

MO•Fe2O3

Mn2+
Ni2+
Fe2+

Zn2+
etc.

Fe3+ O2–

Antiparallel spin alignment
(superexchange across O-ions)
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Spinel structure

Tetrahedral (A) side Octahedral (B) side

Metal ion in 
tetrahedral side

Metal ion in 
octahedral side

Oxygen ion

MO•Fe2O3

Mn2+
Ni2+
Fe2+

Zn2+
etc.

Fe3+ O2–

Antiparallel spin alignment
(superexchange across O-ions)

Cubic Ferrites
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Tetrahedral (A) side Octahedral (B) side

Oxygen ion Fe2+ etc.

Antiparallel spin alignment
(superexchange across O-ions)

Cubic Ferrites

︸
Calculation of saturation magnetization:

Example: Ni-Ferrit Fe3+
8 [Fe3+

8 Ni2+
8  ] O

2–
32

Tetrahedral sites Octahedral sites︸
Fe3+

2µBNi2+

5µB

3d-electrons

[8•5µB  + 8•2µB] – 8•5µB  = 16µB per unit cell

Js = µ0•Ms = µ0•
z•µB

a3 = 4π•10–7
Vs
Am

•
16•9.3•10–24 Am2

8.53•10–30 m3 = 0.3 Vs/m2

Experimental: Js = 0.38 Vs/m2 (a = lattice constant)

(ions per unit cell)
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Applications of cubic ferrites:
up to 100 MHz regime.

Higher frequencies in GHz regime:
magnetic garnets
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M   (c)
3+

Fe   (d)
3+

Fe   (a)
3+

O
2–

M   (c)
3+ Complex crystal structure: 

160 atoms per elemetary cell
16 Fe3+-ions in octahedral sides
24 Fe3+-ions in tetrahedral sides
24 Y3+-ions in dodecaedral sides

Antiparallel superexchange between 
octahedral and tetrahedral sides

Net 40 µB per elementary cell.
However: Js = 0.175 T only (large 
elementary cell)

Example YIG: Y3Fe5O12

Magnetic garnets

•

•

•

All lattice sides occupied (︎↔︎ cubic ferrites) 
➞ high degree of ordering 
➞ low loss at high frequencies
Application: microwave materials

•

•
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low coercivity and high permeability
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Soft magnets, 
Example 3: 

Electrical steel 
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Flux amplitudes in FeSi steel sheets of various thickness (at 60 Hz).
Skin depth: 0.5 mm

Grain-oriented FeSi transformer material
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Further consequences of Si-addition to Fe:
• Still sufficiently ductile for cold-rolling
•No α–γ transition for > 2.2 wt% Si ➞ stays bcc on heat treatment
• Crystal anisotropy somewhat lower (K1 : 4.8•104 ➞ 3.6•104 J/m3)
•Magnetostriction higher (λ100 : 20•10–6 ➞ 23•10–6) 

•
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Grain-oriented FeSi transformer material
Anisotropy and magnetostriction not negligible: 

➞  make use of them



Grain-oriented FeSi transformer material

• Proper rolling and annealing
(Mn- and S-additions: prevent primary 
recrystallization, grain growth by 
secondary recrystallization)
➞ Goss texture (cube-on-edge)
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Fig. 13.14 Single-crystal projections (top), unit-cell orientations (center), and {100} pole figures
(below). RD : rolling direction; TD : transverse direction.

Treatments that give the best crystallographic texture tend to produce very large
grain sizes, and large grains tend to have relatively few domain walls. As seen previously,
closely spaced domain walls are desirable to reduce eddy-current losses. Therefore various
methods have been employed to provide nucleation sites for domain walls: mechanical
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Fig. 13.16 Transformer cores. Open and closed circles represent primary and secondary windings;
parallel lines denote rolling direction of sheet material.

this direction. (Both primary and secondary windings are placed on the central leg. These
are only schematically indicated; the windings actually occupy most of the space between
the legs.) Still another solution is to roll up a long length of strip on itself to formthe tape-
wound or strip-wound core shown in Fig. 13.16c, with windings (not shown) placed on
opposite sides. Here the entire flux path is in the easy (rolling) direction. The tape-
wound design presents problems in assembly: the magnetic sffip must be wound through
the prewound coils, or the coils must be wound on the prewound core, or the core must
be cut in half to install the prewound coils.

The magnetic properties of sheet steel are degraded to some extent by mechanical
deformation, so usually the sheets are given a stress-relief anneal at about 800"C in a pro-
tective atmosphere after any shearing or punching operations. During actual construction of
a transformer, care must be exercised so minimize süains inffoduced into the sheets by
handling and assembly.

ASTM International (formerly the American Society for Testing and Materials) has
established a standard specification system for electical steels.It is based on a minimum
core loss value, and does not explicitly define the alloy content. Each grade of steel is
identified by a number that consists of two digits, followed by a single letter, followed
by three digits, such as 35H056. The first two digits specify the sheet thickness in units
of 0.01 mm, so 35 means 0.35 mm thick material. The letter specifies a class of material,
including the magnetic flux density at which the core loss is measured. The final three
digits specify the maximum core loss, in watt/pound (with a decimal point added after
the first digit), at 60 Hz. Only a limited range of thicknesses and loss values are regarded
as standard, and for these a table gives equivalent thicknesses in inches, loss in wattlkg,
and also loss at 50 Hz. The Intemational Electrotechnical Commission (IEC) publishes a
similar system as an international standard. Table 13.2 gives some representative values
of core loss in electrical steels.

13.4.4 Six Percent Silicon Steel
The upper limit of silicon content in steel produced by normal production techniques is
about 3.25Vo. Higher silicon contents make the steel too brittle to be cold-rolled into
sheet. However, a higher silicon content would increase electrical resistivity and decrease
magnetic anisotropy, at the cost of somewhat lower magnetic saturation. Various
methods have been investigated to produce silicon contents above 3.257o; usually 67o
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Anisotropy and magnetostriction not negligible: 
➞  make use of them
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tective atmosphere after any shearing or punching operations. During actual construction of
a transformer, care must be exercised so minimize süains inffoduced into the sheets by
handling and assembly.

ASTM International (formerly the American Society for Testing and Materials) has
established a standard specification system for electical steels.It is based on a minimum
core loss value, and does not explicitly define the alloy content. Each grade of steel is
identified by a number that consists of two digits, followed by a single letter, followed
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Loss control
Grain-oriented FeSi transformer material
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Non-oriented FeSi material
For motors and generators

• Rotating machines: core is subjected to 
fields that change direction ➞ „uniaxial“ 
material (like Goss steel) not useful
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Fig. 13.14 Single-crystal projections (top), unit-cell orientations (center), and {100} pole figures
(below). RD : rolling direction; TD : transverse direction.

Treatments that give the best crystallographic texture tend to produce very large
grain sizes, and large grains tend to have relatively few domain walls. As seen previously,
closely spaced domain walls are desirable to reduce eddy-current losses. Therefore various
methods have been employed to provide nucleation sites for domain walls: mechanical
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0.071

frequency is increased by a factor of 4
by 

-a 
factor of 10.3/3'5 = 3, and the
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fields that change direction ➞ „uniaxial“ 
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Treatments that give the best crystallographic texture tend to produce very large
grain sizes, and large grains tend to have relatively few domain walls. As seen previously,
closely spaced domain walls are desirable to reduce eddy-current losses. Therefore various
methods have been employed to provide nucleation sites for domain walls: mechanical
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Too expensive
 anyway
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Non-oriented FeSi material

• Rotating machines: core is subjected to 
fields that change direction ➞ „uniaxial“ 
material (like Goss steel) not useful

For motors and generators
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• Rotating machines: core is subjected to 
fields that change direction ➞ „uniaxial“ 
material (like Goss steel) not useful
Material of choice: non-oriented FeSi sheets•

For motors and generators

100 µm

Complex domain reorganization ➞ unavoidable loss•
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Non-oriented FeSi material

• Rotating machines: core is subjected to 
fields that change direction ➞ „uniaxial“ 
material (like Goss steel) not useful
Material of choice: non-oriented FeSi sheets•

For motors and generators

100 µm

Complex domain reorganization ➞ unavoidable loss•

The more irregular domains and processes, 
the worse performance of inductive device
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Non-oriented FeSi material
For motors and generators
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Soft magnets: General Considerations
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Conclusion from previous examples 
(NiFe, ferrites, electrical steel):

Good soft magnetic material needs large grains 
to obtain low coercivity and high permeability

Soft magnets: General Considerations
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Conclusion from previous examples 
(NiFe, ferrites, electrical steel):

Good soft magnetic material needs large grains 
to obtain low coercivity and high permeability

Soft magnets: General Considerations

However:
This is not necessarily true !
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Soft magnets, 
Example 4: 

Amorphous ribbons 
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Ribbons, thickness 20 µm

Ferromagnetic, if they contain Fe, Ni, Co
(short-range order determines exchange 
coupling, not long-range crystalline order)

T75-83 M25-17 T = Fe, Co, Ni
M = P, C, B, Si, Al....

•
•

•

Crystalline
Amorphous

Amorphous ribbons
Fabrication: rapid quenching

Amorphous 
no magnetocrystalline anisotropy

•
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Amorphous ribbons
Residual anisotropies in amorphous ribbons

• Magnetization-induced
minute deviations from random pair ordering

T > TCurie T < TCurie

MM = 0

• Stress-induced
Internal mechanical stress, e.g. due to 
differences in quenching speed

Angle between 
M and stress σ

eme =     λsσ sin2θ3
2

Mechanical
stress

Magnetostriction
constant

λs > 0, σ > 0 : 

σ < 0 : 

σ
M

M
σ

σ < 0 : 
(planar) 

M
σ
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Amorphous ribbons
Stress-induced anisotropy in amorphous ribbon
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(FeCo)83(Si,B)17 Fe76(Si,B)24 Ni39Fe39(Si,B,C)22 (Co,Fe,Mn,Mo)77(Si,B)23

ribbon axis

λs < 0.2•10–6λs = +8•10–6λs = +24•10–6

Angle between 
M and stress σ

eme =     λsσ sin2θ3
2

Mechanical
stress

Magnetostriction
constant

Stress-induced anisotropy in amorphous ribbon

λs = +35•10–6

Amorphous ribbons 118



(FeCo)83(Si,B)17 Fe76(Si,B)24 Ni39Fe39(Si,B,C)22 (Co,Fe,Mn,Mo)77(Si,B)23

ribbon axis

λs < 0.2•10–6λs = +8•10–6λs = +24•10–6

Angle between 
M and stress σ

eme =     λsσ sin2θ3
2

Mechanical
stress

Magnetostriction
constant

Stress-induced anisotropy in amorphous ribbon

λs = +35•10–6

Amorphous ribbons

Magnetostriction-free material:
Co-rich alloys
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Induced anisotropy in amorphous ribbon

Amorphous ribbons

CoFeSiB-alloy with λs ~ 0

no stress effects
controlled anisotropy by 
field-annealing
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Typical application: 
tape-wound cores for inductive devices

Amorphous ribbons

8

Weiterführende Anwendungshinweise für
den Einsatz von VITROPERM 500 F:

Additional Application Notes for the use
of VITROPERM 500 F:

Induktivität des Übertragers:

Da die Permeabilität bei VITROPERM 500 F um ca. den Faktor
10 höher liegt als bei einem typischen Ferritwerkstoff, bedeutet
dies eine größere Hauptinduktivität und somit niedrigere
Magnetisierungsströme. Bei unipolarer Aussteuerung (Eintakt-
Durchflussübertrager) ist das Rückstellverhalten in der
Impulspause problematisch. Bei bipolarer Aussteuerung
(Gegentakt Durchflussübertrager) ist dies jedoch unkritisch. Hier
ist lediglich auf gute Symmetrie in der Ansteuerung zu achten,
da unterschiedlich große Spannungszeitflächen im
Ansteuersignal (Gleichstromanteil) den hochpermeablen
Kernwerkstoff schnell in die Sättigung treiben. Für die anderen
Fälle steht unser Werkstoff VITROVAC 6030 F zur Verfügung.

Transformer inductance:

As the permeability for VITROPERM 500 F is higher by an
approximate factor 10 than for a typical ferrite material, this
means that there is a higher main inductance resulting in lower
magnetization currents. In the case of unipolar drive control
(single-ended forward converter), the reset behavior in the
impulse pause is problematical. However, in the case of bipolar
drive control (push-pull converters) this is uncritical. Here, users
must ensure only that there is a good symmetry in the drive
control, as various different voltage time areas in the drive signal
(appearance of DC) will fast drive the highly permeable core
material into saturation. For all other cases, our material
VITROVAC 6030 F is available.

Arbeitsfrequenz: Operating frequency:

Die Werkstoffvorteile des VITROPERM 500 F kann der
Schaltungsentwickler nur dann voll ausnutzen, wenn er auf sie
eingeht. Aufgrund des hohen möglichen Induktionshubes ist
deshalb oft eine niedrigere Schaltfrequenz möglich als bei
Verwendung eines Ferritwerkstoffes. Diese wiederum macht den
Einsatz preiswerter Standardhalbleiter möglich und senkt den
Aufwand für die Funkentstörung.

The circuit designer can only make full use of the material
advantages offered by VITROPERM 500 F, if special provision is
made for them. Therefore, due to the high possible flux density,
often a lower switching frequency is possible than when a ferrite
material is used. This lower switching frequently allows the use
of low cost standard semiconductors and reduces the cost for
RFI noise suppression.

Transformatoraufbau: Transformer setup:

Umfangreiche Erfahrungen liegen seitens der VAC vor. Primär-
und Sekundärbewicklung werden meist mit Litze aufgebaut, die
Anschlüsse mit Kabelschuhen versehen. Die
Isolationsforderungen werden durch den Einsatz spezieller
Kunststoffteile zur Distanzierung der Wicklungen und durch den
Vakuumverguss mit einem gefüllten und damit wärmeleitenden
Epoxid-Harz erfüllt. Ein Aluminiumgehäuse dient als stabiler
Schutz und es lässt sich auf einem Kühlkörper montieren.

VAC has comprehensive experience in this field. Primary and
secondary windings are usually built up from stranded wire,
terminals are fitted with cable lugs. The insulation requirements
are met by the use of special plastic components for spacing the
windings and by vacuum molding with a filled and thus heat-
conducting epoxy resin. An aluminium housing is used for solid
protection, and it can be mounted on a heat sink.

Typische Schaltungstopologien: Typical switching topologies:

Abhängig von der übertragenen Leistung, den Ein- und
Ausgangsspannungen und Strömen sowie der Kostensituation
wurden primärseitig die Schaltungsarten Halb- und Vollbrücke
bisher am häufigsten verwirklicht. Bei Leistungen bis ca. 15 kW
dominiert die Halbbrücke, darüber üblicherweise die Vollbrücke.
Sekundärseitig kommt bei niedrigen Spannungen (bis ca. 20 V)
meist die Mittelpunktgleichrichtung, darüber die
Brückengleichrichtung zum Einsatz.

Depending on the power transformed, input and output voltages
and currents, as well as the cost situation, the switching types
half and full bridge so far have been implemented most
frequently at the primary side. Up to approximately 15 kW, the
half bridge type dominates. At higher power, the full bridge type
is more common. At the secondary side, for low voltages (up to
20 V approximately), usually center-tap rectification is used; for
higher voltages bridge rectification is used.

Beispiele / Examples:

Article surveillance

Further example for application:
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Magneto-acustic article surveillance
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Soft magnets, 
Example 5: 

Nanocrystalline ribbons 
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Fig. 10.9. (a) Assembly of grains, each of them having a randomly fluctuating anisotropy axis
as indicated by the double arrows. (b) Visualization of the correlation volume of size Lex in
nanocrystalline material consisting of grains that are imbedded in an ideally soft magnetic matrix.
Within the correlation volume, the orientation m of the magnetization is constant

The exchange stiffness energy is given by [1]

Eex = A
∫

(grad m)2 dV . (10.1)

For a quantitative estimate, consider two grains with a relative orientation of
their anisotropy axes of 90◦ as depicted in Fig. 10.9a. The magnetization shall adapt
to the local anisotropy axes over a distance L. For this one-dimensional case with
ϕ = kx, m1 = sin ϕ, m2 = cos ϕ, m3 = 0, the integrand of equation (0.1) writes as
(grad m)2 = (∂m1/∂x)2 + (∂m1/∂y)2 + (∂m1/∂z)2 + ......+ (∂m3/∂z)2 = k2. With
∂ϕ/∂x = k, the stiffness energy (volume) density is expressed as

eex = A(grad m)2 = A(∂ϕ/∂x)2. (10.2)

If L is 1 mm , the stiffness energy density amounts to eex = A(∂ϕ/∂x)2 =
A[(π/2)/0.001 m]2 ≈ 2.5 · 10−5 J/m3. Clearly, on this macroscopic scale the
exchange energy is negligible. Microscopically, however, the situation is differ-
ent. If L is 10 nm, the stiffness energy density rises by ten orders of magnitude to
eex ≈ 2.5 · 10+5 J/m3. The exchange energy thus exceeds the maximum anisotropy
energy that can be estimated by eKu ≈ Kc1 sin2 90◦ = 4.7 · 104 J/m3 and that
arises when the magnetization deviates from the easy axis by 90◦ (here a uniaxial
anisotropy was assumed with Kc1 = 4.7 · 104J/m3 which is the value of the first-
order anisotropy constant of iron that in reality exhibits a cubic anisotropy rather
than a uniaxial one). Nature therefore tends to diminish the exchange energy by
aligning the magnetization vectors along a common direction even though this will
locally cause anisotropy energy.

The critical scale for this effect to occur can be easily derived [12]. From
Eq. 10.2, it is obvious that the exchange energy density scales as A/L2 if the
magnetization changes its orientation on the length scale L. For A/L2 > Kc1 theU
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The exchange stiffness energy is given by [1]

Eex = A
∫

(grad m)2 dV . (10.1)

For a quantitative estimate, consider two grains with a relative orientation of
their anisotropy axes of 90◦ as depicted in Fig. 10.9a. The magnetization shall adapt
to the local anisotropy axes over a distance L. For this one-dimensional case with
ϕ = kx, m1 = sin ϕ, m2 = cos ϕ, m3 = 0, the integrand of equation (0.1) writes as
(grad m)2 = (∂m1/∂x)2 + (∂m1/∂y)2 + (∂m1/∂z)2 + ......+ (∂m3/∂z)2 = k2. With
∂ϕ/∂x = k, the stiffness energy (volume) density is expressed as

eex = A(grad m)2 = A(∂ϕ/∂x)2. (10.2)

If L is 1 mm , the stiffness energy density amounts to eex = A(∂ϕ/∂x)2 =
A[(π/2)/0.001 m]2 ≈ 2.5 · 10−5 J/m3. Clearly, on this macroscopic scale the
exchange energy is negligible. Microscopically, however, the situation is differ-
ent. If L is 10 nm, the stiffness energy density rises by ten orders of magnitude to
eex ≈ 2.5 · 10+5 J/m3. The exchange energy thus exceeds the maximum anisotropy
energy that can be estimated by eKu ≈ Kc1 sin2 90◦ = 4.7 · 104 J/m3 and that
arises when the magnetization deviates from the easy axis by 90◦ (here a uniaxial
anisotropy was assumed with Kc1 = 4.7 · 104J/m3 which is the value of the first-
order anisotropy constant of iron that in reality exhibits a cubic anisotropy rather
than a uniaxial one). Nature therefore tends to diminish the exchange energy by
aligning the magnetization vectors along a common direction even though this will
locally cause anisotropy energy.

The critical scale for this effect to occur can be easily derived [12]. From
Eq. 10.2, it is obvious that the exchange energy density scales as A/L2 if the
magnetization changes its orientation on the length scale L. For A/L2 > Kc1 the

Nanocrystalline ribbons

Kc1

Micromagnetic basics

Exchange stiffness energy:

U
N

C
O

R
R

EC
TE

D
 P

R
O

O
F

SPB-150780 Chapter ID 10 April 21, 2009 Time: 05:03pm Proof 1

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

R. Schäfer
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The exchange stiffness energy is given by [1]

Eex = A
∫

(grad m)2 dV . (10.1)

For a quantitative estimate, consider two grains with a relative orientation of
their anisotropy axes of 90◦ as depicted in Fig. 10.9a. The magnetization shall adapt
to the local anisotropy axes over a distance L. For this one-dimensional case with
ϕ = kx, m1 = sin ϕ, m2 = cos ϕ, m3 = 0, the integrand of equation (0.1) writes as
(grad m)2 = (∂m1/∂x)2 + (∂m1/∂y)2 + (∂m1/∂z)2 + ......+ (∂m3/∂z)2 = k2. With
∂ϕ/∂x = k, the stiffness energy (volume) density is expressed as

eex = A(grad m)2 = A(∂ϕ/∂x)2. (10.2)

If L is 1 mm , the stiffness energy density amounts to eex = A(∂ϕ/∂x)2 =
A[(π/2)/0.001 m]2 ≈ 2.5 · 10−5 J/m3. Clearly, on this macroscopic scale the
exchange energy is negligible. Microscopically, however, the situation is differ-
ent. If L is 10 nm, the stiffness energy density rises by ten orders of magnitude to
eex ≈ 2.5 · 10+5 J/m3. The exchange energy thus exceeds the maximum anisotropy
energy that can be estimated by eKu ≈ Kc1 sin2 90◦ = 4.7 · 104 J/m3 and that
arises when the magnetization deviates from the easy axis by 90◦ (here a uniaxial
anisotropy was assumed with Kc1 = 4.7 · 104J/m3 which is the value of the first-
order anisotropy constant of iron that in reality exhibits a cubic anisotropy rather
than a uniaxial one). Nature therefore tends to diminish the exchange energy by
aligning the magnetization vectors along a common direction even though this will
locally cause anisotropy energy.

The critical scale for this effect to occur can be easily derived [12]. From
Eq. 10.2, it is obvious that the exchange energy density scales as A/L2 if the
magnetization changes its orientation on the length scale L. For A/L2 > Kc1 the
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The exchange stiffness energy is given by [1]

Eex = A
∫

(grad m)2 dV . (10.1)

For a quantitative estimate, consider two grains with a relative orientation of
their anisotropy axes of 90◦ as depicted in Fig. 10.9a. The magnetization shall adapt
to the local anisotropy axes over a distance L. For this one-dimensional case with
ϕ = kx, m1 = sin ϕ, m2 = cos ϕ, m3 = 0, the integrand of equation (0.1) writes as
(grad m)2 = (∂m1/∂x)2 + (∂m1/∂y)2 + (∂m1/∂z)2 + ......+ (∂m3/∂z)2 = k2. With
∂ϕ/∂x = k, the stiffness energy (volume) density is expressed as

eex = A(grad m)2 = A(∂ϕ/∂x)2. (10.2)

If L is 1 mm , the stiffness energy density amounts to eex = A(∂ϕ/∂x)2 =
A[(π/2)/0.001 m]2 ≈ 2.5 · 10−5 J/m3. Clearly, on this macroscopic scale the
exchange energy is negligible. Microscopically, however, the situation is differ-
ent. If L is 10 nm, the stiffness energy density rises by ten orders of magnitude to
eex ≈ 2.5 · 10+5 J/m3. The exchange energy thus exceeds the maximum anisotropy
energy that can be estimated by eKu ≈ Kc1 sin2 90◦ = 4.7 · 104 J/m3 and that
arises when the magnetization deviates from the easy axis by 90◦ (here a uniaxial
anisotropy was assumed with Kc1 = 4.7 · 104J/m3 which is the value of the first-
order anisotropy constant of iron that in reality exhibits a cubic anisotropy rather
than a uniaxial one). Nature therefore tends to diminish the exchange energy by
aligning the magnetization vectors along a common direction even though this will
locally cause anisotropy energy.

The critical scale for this effect to occur can be easily derived [12]. From
Eq. 10.2, it is obvious that the exchange energy density scales as A/L2 if the
magnetization changes its orientation on the length scale L. For A/L2 > Kc1 theU
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Within the correlation volume, the orientation m of the magnetization is constant

The exchange stiffness energy is given by [1]

Eex = A
∫

(grad m)2 dV . (10.1)

For a quantitative estimate, consider two grains with a relative orientation of
their anisotropy axes of 90◦ as depicted in Fig. 10.9a. The magnetization shall adapt
to the local anisotropy axes over a distance L. For this one-dimensional case with
ϕ = kx, m1 = sin ϕ, m2 = cos ϕ, m3 = 0, the integrand of equation (0.1) writes as
(grad m)2 = (∂m1/∂x)2 + (∂m1/∂y)2 + (∂m1/∂z)2 + ......+ (∂m3/∂z)2 = k2. With
∂ϕ/∂x = k, the stiffness energy (volume) density is expressed as

eex = A(grad m)2 = A(∂ϕ/∂x)2. (10.2)

If L is 1 mm , the stiffness energy density amounts to eex = A(∂ϕ/∂x)2 =
A[(π/2)/0.001 m]2 ≈ 2.5 · 10−5 J/m3. Clearly, on this macroscopic scale the
exchange energy is negligible. Microscopically, however, the situation is differ-
ent. If L is 10 nm, the stiffness energy density rises by ten orders of magnitude to
eex ≈ 2.5 · 10+5 J/m3. The exchange energy thus exceeds the maximum anisotropy
energy that can be estimated by eKu ≈ Kc1 sin2 90◦ = 4.7 · 104 J/m3 and that
arises when the magnetization deviates from the easy axis by 90◦ (here a uniaxial
anisotropy was assumed with Kc1 = 4.7 · 104J/m3 which is the value of the first-
order anisotropy constant of iron that in reality exhibits a cubic anisotropy rather
than a uniaxial one). Nature therefore tends to diminish the exchange energy by
aligning the magnetization vectors along a common direction even though this will
locally cause anisotropy energy.

The critical scale for this effect to occur can be easily derived [12]. From
Eq. 10.2, it is obvious that the exchange energy density scales as A/L2 if the
magnetization changes its orientation on the length scale L. For A/L2 > Kc1 the
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The exchange stiffness energy is given by [1]

Eex = A
∫

(grad m)2 dV . (10.1)

For a quantitative estimate, consider two grains with a relative orientation of
their anisotropy axes of 90◦ as depicted in Fig. 10.9a. The magnetization shall adapt
to the local anisotropy axes over a distance L. For this one-dimensional case with
ϕ = kx, m1 = sin ϕ, m2 = cos ϕ, m3 = 0, the integrand of equation (0.1) writes as
(grad m)2 = (∂m1/∂x)2 + (∂m1/∂y)2 + (∂m1/∂z)2 + ......+ (∂m3/∂z)2 = k2. With
∂ϕ/∂x = k, the stiffness energy (volume) density is expressed as

eex = A(grad m)2 = A(∂ϕ/∂x)2. (10.2)

If L is 1 mm , the stiffness energy density amounts to eex = A(∂ϕ/∂x)2 =
A[(π/2)/0.001 m]2 ≈ 2.5 · 10−5 J/m3. Clearly, on this macroscopic scale the
exchange energy is negligible. Microscopically, however, the situation is differ-
ent. If L is 10 nm, the stiffness energy density rises by ten orders of magnitude to
eex ≈ 2.5 · 10+5 J/m3. The exchange energy thus exceeds the maximum anisotropy
energy that can be estimated by eKu ≈ Kc1 sin2 90◦ = 4.7 · 104 J/m3 and that
arises when the magnetization deviates from the easy axis by 90◦ (here a uniaxial
anisotropy was assumed with Kc1 = 4.7 · 104J/m3 which is the value of the first-
order anisotropy constant of iron that in reality exhibits a cubic anisotropy rather
than a uniaxial one). Nature therefore tends to diminish the exchange energy by
aligning the magnetization vectors along a common direction even though this will
locally cause anisotropy energy.

The critical scale for this effect to occur can be easily derived [12]. From
Eq. 10.2, it is obvious that the exchange energy density scales as A/L2 if the
magnetization changes its orientation on the length scale L. For A/L2 > Kc1 the
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The exchange stiffness energy is given by [1]

Eex = A
∫

(grad m)2 dV . (10.1)

For a quantitative estimate, consider two grains with a relative orientation of
their anisotropy axes of 90◦ as depicted in Fig. 10.9a. The magnetization shall adapt
to the local anisotropy axes over a distance L. For this one-dimensional case with
ϕ = kx, m1 = sin ϕ, m2 = cos ϕ, m3 = 0, the integrand of equation (0.1) writes as
(grad m)2 = (∂m1/∂x)2 + (∂m1/∂y)2 + (∂m1/∂z)2 + ......+ (∂m3/∂z)2 = k2. With
∂ϕ/∂x = k, the stiffness energy (volume) density is expressed as

eex = A(grad m)2 = A(∂ϕ/∂x)2. (10.2)

If L is 1 mm , the stiffness energy density amounts to eex = A(∂ϕ/∂x)2 =
A[(π/2)/0.001 m]2 ≈ 2.5 · 10−5 J/m3. Clearly, on this macroscopic scale the
exchange energy is negligible. Microscopically, however, the situation is differ-
ent. If L is 10 nm, the stiffness energy density rises by ten orders of magnitude to
eex ≈ 2.5 · 10+5 J/m3. The exchange energy thus exceeds the maximum anisotropy
energy that can be estimated by eKu ≈ Kc1 sin2 90◦ = 4.7 · 104 J/m3 and that
arises when the magnetization deviates from the easy axis by 90◦ (here a uniaxial
anisotropy was assumed with Kc1 = 4.7 · 104J/m3 which is the value of the first-
order anisotropy constant of iron that in reality exhibits a cubic anisotropy rather
than a uniaxial one). Nature therefore tends to diminish the exchange energy by
aligning the magnetization vectors along a common direction even though this will
locally cause anisotropy energy.

The critical scale for this effect to occur can be easily derived [12]. From
Eq. 10.2, it is obvious that the exchange energy density scales as A/L2 if the
magnetization changes its orientation on the length scale L. For A/L2 > Kc1 the

A (grad m)2 = A

For L = 10 nm:
eex = 2.5 • 10+5 J/m3 exchange energy exceeds maximum anisotropy energy

U
N

C
O

R
R

EC
TE

D
 P

R
O

O
F

SPB-150780 Chapter ID 10 April 21, 2009 Time: 05:03pm Proof 1

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

R. Schäfer
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Fig. 10.9. (a) Assembly of grains, each of them having a randomly fluctuating anisotropy axis
as indicated by the double arrows. (b) Visualization of the correlation volume of size Lex in
nanocrystalline material consisting of grains that are imbedded in an ideally soft magnetic matrix.
Within the correlation volume, the orientation m of the magnetization is constant

The exchange stiffness energy is given by [1]

Eex = A
∫

(grad m)2 dV . (10.1)

For a quantitative estimate, consider two grains with a relative orientation of
their anisotropy axes of 90◦ as depicted in Fig. 10.9a. The magnetization shall adapt
to the local anisotropy axes over a distance L. For this one-dimensional case with
ϕ = kx, m1 = sin ϕ, m2 = cos ϕ, m3 = 0, the integrand of equation (0.1) writes as
(grad m)2 = (∂m1/∂x)2 + (∂m1/∂y)2 + (∂m1/∂z)2 + ......+ (∂m3/∂z)2 = k2. With
∂ϕ/∂x = k, the stiffness energy (volume) density is expressed as

eex = A(grad m)2 = A(∂ϕ/∂x)2. (10.2)

If L is 1 mm , the stiffness energy density amounts to eex = A(∂ϕ/∂x)2 =
A[(π/2)/0.001 m]2 ≈ 2.5 · 10−5 J/m3. Clearly, on this macroscopic scale the
exchange energy is negligible. Microscopically, however, the situation is differ-
ent. If L is 10 nm, the stiffness energy density rises by ten orders of magnitude to
eex ≈ 2.5 · 10+5 J/m3. The exchange energy thus exceeds the maximum anisotropy
energy that can be estimated by eKu ≈ Kc1 sin2 90◦ = 4.7 · 104 J/m3 and that
arises when the magnetization deviates from the easy axis by 90◦ (here a uniaxial
anisotropy was assumed with Kc1 = 4.7 · 104J/m3 which is the value of the first-
order anisotropy constant of iron that in reality exhibits a cubic anisotropy rather
than a uniaxial one). Nature therefore tends to diminish the exchange energy by
aligning the magnetization vectors along a common direction even though this will
locally cause anisotropy energy.

The critical scale for this effect to occur can be easily derived [12]. From
Eq. 10.2, it is obvious that the exchange energy density scales as A/L2 if the
magnetization changes its orientation on the length scale L. For A/L2 > Kc1 theU
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The exchange stiffness energy is given by [1]

Eex = A
∫

(grad m)2 dV . (10.1)

For a quantitative estimate, consider two grains with a relative orientation of
their anisotropy axes of 90◦ as depicted in Fig. 10.9a. The magnetization shall adapt
to the local anisotropy axes over a distance L. For this one-dimensional case with
ϕ = kx, m1 = sin ϕ, m2 = cos ϕ, m3 = 0, the integrand of equation (0.1) writes as
(grad m)2 = (∂m1/∂x)2 + (∂m1/∂y)2 + (∂m1/∂z)2 + ......+ (∂m3/∂z)2 = k2. With
∂ϕ/∂x = k, the stiffness energy (volume) density is expressed as

eex = A(grad m)2 = A(∂ϕ/∂x)2. (10.2)

If L is 1 mm , the stiffness energy density amounts to eex = A(∂ϕ/∂x)2 =
A[(π/2)/0.001 m]2 ≈ 2.5 · 10−5 J/m3. Clearly, on this macroscopic scale the
exchange energy is negligible. Microscopically, however, the situation is differ-
ent. If L is 10 nm, the stiffness energy density rises by ten orders of magnitude to
eex ≈ 2.5 · 10+5 J/m3. The exchange energy thus exceeds the maximum anisotropy
energy that can be estimated by eKu ≈ Kc1 sin2 90◦ = 4.7 · 104 J/m3 and that
arises when the magnetization deviates from the easy axis by 90◦ (here a uniaxial
anisotropy was assumed with Kc1 = 4.7 · 104J/m3 which is the value of the first-
order anisotropy constant of iron that in reality exhibits a cubic anisotropy rather
than a uniaxial one). Nature therefore tends to diminish the exchange energy by
aligning the magnetization vectors along a common direction even though this will
locally cause anisotropy energy.

The critical scale for this effect to occur can be easily derived [12]. From
Eq. 10.2, it is obvious that the exchange energy density scales as A/L2 if the
magnetization changes its orientation on the length scale L. For A/L2 > Kc1 the

With                        :

135

negligible



On scale of some 10 nm:
Nature tends to diminish exchange energy by aligning 
magnetization vectors along a common direction even 

though this will locally cause anisotropy energy

Nanocrystalline ribbons
Micromagnetic basics

Critical scale for this effect to occur:

For A/L2 > K1 , the exchange energy would exceed the local anisotropy energy, 
which is the case on a scale smaller than :
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Fig. 10.9. (a) Assembly of grains, each of them having a randomly fluctuating anisotropy axis
as indicated by the double arrows. (b) Visualization of the correlation volume of size Lex in
nanocrystalline material consisting of grains that are imbedded in an ideally soft magnetic matrix.
Within the correlation volume, the orientation m of the magnetization is constant

The exchange stiffness energy is given by [1]

Eex = A
∫

(grad m)2 dV . (10.1)

For a quantitative estimate, consider two grains with a relative orientation of
their anisotropy axes of 90◦ as depicted in Fig. 10.9a. The magnetization shall adapt
to the local anisotropy axes over a distance L. For this one-dimensional case with
ϕ = kx, m1 = sin ϕ, m2 = cos ϕ, m3 = 0, the integrand of equation (0.1) writes as
(grad m)2 = (∂m1/∂x)2 + (∂m1/∂y)2 + (∂m1/∂z)2 + ......+ (∂m3/∂z)2 = k2. With
∂ϕ/∂x = k, the stiffness energy (volume) density is expressed as

eex = A(grad m)2 = A(∂ϕ/∂x)2. (10.2)

If L is 1 mm , the stiffness energy density amounts to eex = A(∂ϕ/∂x)2 =
A[(π/2)/0.001 m]2 ≈ 2.5 · 10−5 J/m3. Clearly, on this macroscopic scale the
exchange energy is negligible. Microscopically, however, the situation is differ-
ent. If L is 10 nm, the stiffness energy density rises by ten orders of magnitude to
eex ≈ 2.5 · 10+5 J/m3. The exchange energy thus exceeds the maximum anisotropy
energy that can be estimated by eKu ≈ Kc1 sin2 90◦ = 4.7 · 104 J/m3 and that
arises when the magnetization deviates from the easy axis by 90◦ (here a uniaxial
anisotropy was assumed with Kc1 = 4.7 · 104J/m3 which is the value of the first-
order anisotropy constant of iron that in reality exhibits a cubic anisotropy rather
than a uniaxial one). Nature therefore tends to diminish the exchange energy by
aligning the magnetization vectors along a common direction even though this will
locally cause anisotropy energy.

The critical scale for this effect to occur can be easily derived [12]. From
Eq. 10.2, it is obvious that the exchange energy density scales as A/L2 if the
magnetization changes its orientation on the length scale L. For A/L2 > Kc1 the

Lex =  √ A /K1
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For A/L2 > K1 , the exchange energy would exceed the local anisotropy energy, 
which is the case on a scale smaller than :
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The exchange stiffness energy is given by [1]

Eex = A
∫

(grad m)2 dV . (10.1)

For a quantitative estimate, consider two grains with a relative orientation of
their anisotropy axes of 90◦ as depicted in Fig. 10.9a. The magnetization shall adapt
to the local anisotropy axes over a distance L. For this one-dimensional case with
ϕ = kx, m1 = sin ϕ, m2 = cos ϕ, m3 = 0, the integrand of equation (0.1) writes as
(grad m)2 = (∂m1/∂x)2 + (∂m1/∂y)2 + (∂m1/∂z)2 + ......+ (∂m3/∂z)2 = k2. With
∂ϕ/∂x = k, the stiffness energy (volume) density is expressed as

eex = A(grad m)2 = A(∂ϕ/∂x)2. (10.2)

If L is 1 mm , the stiffness energy density amounts to eex = A(∂ϕ/∂x)2 =
A[(π/2)/0.001 m]2 ≈ 2.5 · 10−5 J/m3. Clearly, on this macroscopic scale the
exchange energy is negligible. Microscopically, however, the situation is differ-
ent. If L is 10 nm, the stiffness energy density rises by ten orders of magnitude to
eex ≈ 2.5 · 10+5 J/m3. The exchange energy thus exceeds the maximum anisotropy
energy that can be estimated by eKu ≈ Kc1 sin2 90◦ = 4.7 · 104 J/m3 and that
arises when the magnetization deviates from the easy axis by 90◦ (here a uniaxial
anisotropy was assumed with Kc1 = 4.7 · 104J/m3 which is the value of the first-
order anisotropy constant of iron that in reality exhibits a cubic anisotropy rather
than a uniaxial one). Nature therefore tends to diminish the exchange energy by
aligning the magnetization vectors along a common direction even though this will
locally cause anisotropy energy.

The critical scale for this effect to occur can be easily derived [12]. From
Eq. 10.2, it is obvious that the exchange energy density scales as A/L2 if the
magnetization changes its orientation on the length scale L. For A/L2 > Kc1 the

Ferromagnetic correlation length (exchange length)

Lex =  √ A /K1
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amorphous
Fe-Nb-B matrix

bcc Fe-Si
(~10 nm)

λs > 0 λs < 0

λs ≈ 0 by chosing proper volume fractions xcr
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Random anisotropy model:  

average anisotropy

renormalized exchange length

exchange length

Fe80Si20:

K1 = 8 kJ/m3

  A = 10–11 J/m
Lex =  A/K1 = 35 nm

 K1  ≈ 3 J/m3  

Lex =  A/  K1  = 2 µm

Nanocrystalline ribbons
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Lex = 2 µm

Random anisotropy model:  

average anisotropy

renormalized exchange length

exchange length

Fe80Si20:

K1 = 8 kJ/m3

  A = 10–11 J/m
Lex =  A/K1 = 35 nm

 K1  ≈ 3 J/m3  

Lex =  A/  K1  = 2 µm

Nanocrystalline ribbons

Fe-Si Goss sheet, surface wall width: 150 nm

Nanocrystalline ribbon, surface wall width: several µm

10 µm

10 µm

Lex = 35 nm

Lex = 2 µm
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50 µm

coarse-grained material
(grain size: 30 µm)

fine-grained material
(grain size: 13 µm)

Random anisotropy effect in Permalloy

Permalloy (Fe81Ni19): 
Kcryst much smaller than in FeSi

threshold for nanocrystalline behaviour is shifted 
from the 10-nanometer into the micrometer range
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50 µm

coarse-grained material
(grain size: 30 µm)

fine-grained material
(grain size: 13 µm)

Random anisotropy effect in Permalloy
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Hanneal

 20 µm

low induced 
anisotropy 

(Ku = 3 J/m3) 

strong induced 
anisotropy

(Ku = 30 J/m3) 

Ku

Lex =  A/ K

K   +2K =

3 J/m3

Nanocrystalline ribbons: interplay of anisotropies

1
2
uK

Ku
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Ku = 29 J/m3 
strong

Ku = 10 J/m3

moderate

50 Hz 10 kHz1kHz 5 kHz

0.2 mm

Ku = 5 J/m3

weak

H
Anisotropy:

strong Ku

moderate Ku

weak Ku

classical eddy 
current loss 
hysteresis loss

frequency in kHz

lo
ss

 p
er

 c
yc

le
 i
n 

m
W

s/
kg

1086420
0

1

2

3

4

5

6

ground state

Ku

S. Flohrer et al., Acta Mat. 54,  
3253 (2006)
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Purpose of soft magnetic material

Enhancement of flux density B, produced by current-carrying coil
material should be easily magnetized
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Charactersistics of soft magnetic material
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Enhancement of flux density B, produced by current-carrying coil
material should be easily magnetized

Large saturation magnetization Ms (material can transport large flux)
High permeability µ (magnetization large even in small fields)
Low coercivity Hc

Charactersistics of soft magnetic material

Requirements to material:
• Low anisotropy: prerequistite for high rotational permeability, reduction of 

domain wall pinning effects
• Low magnetostriction: prevent stress-sensitivity (exceptions: transformer steel, 

magnetoacoustic article surveilance…)
• High electrical resistivity: to reduce eddy current losses at dynamic excitation
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Soft magnets: Summary
Purpose of soft magnetic material

Enhancement of flux density B, produced by current-carrying coil
material should be easily magnetized

Large saturation magnetization Ms (material can transport large flux)
High permeability µ (magnetization large even in small fields)
Low coercivity Hc

Charactersistics of soft magnetic material

• Zero frequency: best material is that with highest saturation magnetization
• Low frequency: high µ, large Ms , low Hc

• Increasing frequency: importance of high µ and low Hc rises relative to large Ms, 
because eddy current loss is proportional to frequency

Relative importance of requirements is determined by 
frequency of magnetizing field: 

Requirements to material:
• Low anisotropy: prerequistite for high rotational permeability, reduction of 

domain wall pinning effects
• Low magnetostriction: prevent stress-sensitivity (exceptions: transformer steel, 

magnetoacoustic article surveilance…)
• High electrical resistivity: to reduce eddy current losses at dynamic excitation
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Applications of soft magnets

Frequencl

Low lrequency I Hz I kHz

AudJo-frequency 100 Hz 100 kHz

Radio.irequency 0. I -l 000 MHz
Microuave > I CHz

! .: s: :: :-:s: i;.: 3".s-rs:; n ; 
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Hysteresis in a soft
magnetic material. B(H )
and/(H)are
indistinguishable in small
fields.

Materials

Soft iron, Fe*Co (permendur) Ni*Fe
tpermalloy)
Si steel. permalloy. finmet. magnetic
g I asses

Permalloy foils. finmet. magneric
glasses. Fe-Si Al powder {sendusl )

Mn Zn lerrite
Mn Zn lerrite. Ni Zn lerrite
YlC. Li lerrite

Applications

Electromagnets; relays

Translormers, rnotors. generators

lnductors. transformers lor
switched mode power supplics.
TV flyback transformers
I nduclors. anlenna rods
Microwar e isolalors. circulalors.
phase shiliers. filters

1.6

C
co

äu
E
l

!
C

l.Cr

-0.1
Applied field, /ro H' (mT)

olflux produce emf in generators and electronic components. Metals are used
up into the kilohertz range, but insulating ferrites are needed to concentrate flux
and generate emfs in the radio-frequency and microwave ranges, in order to
avoid eddy-current losses. Microwave applications involve the propagation of
electromagnetic waves in waveguides rather than currents in electric circuits.

The higher the operating frequency, the lower the permeability and sponta-
neous induction of the materials used, and the smaller the fraction of saturation
at which they operate. Hysteresis increases with frequency, and lLiltar falls from
about 104 in electrical steel to 100 or less for ferrites operating in the mega-
hertz range. Preferred materials for the main frequency ranges are specifled in
Table | 2. I

0.1
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Global market for soft
magnetic materials. The pie
represents about 10 B$ per
year.

At% Si
4 6 I 10

012345
Wt% Si

lron-rich side of the Si-Fe
phase diagram.

Applications of soft magnets

Unoriented
electrical steel

'Ihe global market for soft magnetic materials is summarized in Fig. 12.7.
Electrical steel for transformers and electromagnetic machinery is predominant.
Produced in quantities in excess of 7 million toniles per year, it lepresents
about l%o ofglobal steel production, but 95% ofthe tonnage and 75% ofthe
market value of all temporary magnets. The choice of soft magnetic material is
a trade-offbetween polarization, permeability, losses and cost. The polarization
should be as large as possible lor a given excitation ireld, and core losses must
be acceptable at the operating frequency. Alloy additions such as C, Si or
41, which reduce losses and increase pemeability also reduce the saturation
polarization and increase cost. One alloy does not suit al1 needs, but there are
a few widely used grades, which have been optimized over the years.

Low-carbon mild steel is used for cheap motors in consumer products such as
washing machines, vaeuum cleaners, refrigerators and fans, where losses are of
little interest to the manufacturer. The cllstomer pays for the electricity. Better
electrical performance reqr-rires other alloy additions. Silicon is ideal, because
4 at%o suflices to suppress the cy -+ 7 phase transition in iron. permitting hot
rolling ofthe sheet. Traces ofcarbon extend the y phase stability region, so the
silicon content is usually around 6 atTo or 3 wt%. Silicon steel was invented
by Robert Hadfieid in 1900, who found that the 6 at% Si composition was
sufficiently ductiie to be rolled into thin sheets. Isotropic and grain-oriented
FeeaSi6 in the form of sheets about 350 pm thick is produced by the square
kilometre for nrains-frequency electrical applications. Losses are about ten
times lower than for mild steel. Silicon increases the resistivity, and reduces
both the anisotropy and the magnetostriction of the iron. Isotropic sheet is
appropriate for motors and generators, where the direction of flux changes
continually during operation. In transformers, however, the axis of B is fixed
and it is beneficial to use cr1;stal.lographically oriented sheet with an easy axis
to further reduce losses. This material was developed by the felicitously named

()
F-
o,
l
§1
0)o-
EoF

Amorphous, powder

Global market for soft magnetic 
materials . The Pie represents 

about 10 Billions Dollars per year

Soft magnetic materials and applications
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Soft magnets: Summary444 Applications of soft magnets

-ffi
Progress with soft
magnetic materials during
the twentieth century:
(a) total losses in
transformer cores and
(b) initial static
permeability.

o 1 $/&b

Real and imaginary parts of
the permeability for an
undamped resonance.

1940 1980
Year
(a)

1900 1940 1980
Year

(b)

domain-wall motion, and losses in the GHz frequency range are influenced by
ferromagnetic resonance. If the applied field is ä : h 1ei'' , the induced flux den-
sity ä : bosi(u-a1 generally lags behind by a phase angle 6, known as the loss

angle. The real parts ofthese expressions represent the time-dependent fields
h(t) andb(t).The complex permeability 11 : (b()lhs)e-iä can be expressed as
(bo I ho)@osl - i sin ä), or

lt: lt'-iu" (12.6)

where ,u' : (bslhs)cos6 and p" : (bslhs)sinä. The real part of the product
p,h is the time-dependent flux density

b(t) : ho1tt cos a-l/ * 1t'" sir,lot), (12.7)

so tr-c' gives the component of b that is in phase with the excitation field h, and
1t" gives the component which lags by n f 2.Losses are proportionalto p,",the
response in quadrature with the driving field. The magnetic quality factor Q*
is defined as(pL'll-1"): cotä andthe figure of meritis 1t'Q*.

From a knowledge of p'(a) and p"(a), the real and imaginary parts of the
frequency-dependent perrneability of a linear system, it is possible to deduce
the response to any small, time-dependent stimulus ft(r) which can be expressed

p

p'

It"
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… ongoing research and development…
Progress with soft magnetic materials during the 

twentieth century: total loss and initial (static) 
permeability of transformer cores
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Hardmagnetic Materials 
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Purpose of permanent magnet: 
provide magnetic field in particular volume of space by 

presence of free poles

Hardmagnetic materials, basics
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Purpose of permanent magnet: 
provide magnetic field in particular volume of space by 

presence of free poles

Hardmagnetic materials, basics
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Requirements for permanent magnet: 
high coercivity, high remanence, high energy product

Hardmagnetic materials, basics

Coercivity

Remanence

1 2
µ0H in Tesla

M/Ms

-1

1

Magnet can store high energy

152
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Hardmagnetic materials, basics

WallDefect

Wall

At defects At grain-, phase boundaries

Coercivity
1) By domain wall pinning
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Coercivity
Hardmagnetic materials, basics
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Coercivity
Hardmagnetic materials, basics

φ = 90°

 20°  20°

 70°  90°

 20°

2) Single domain particles (Stoner/Wohlfarth)

φ
Ms

a
c
Θ

H

Ku || c

m

H
HK

φ = 90°

Given: small ellipsoid 
(single domain)

Anisotropy field

m

H

φ = 180°
HK

H /HK

m

1–1
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Hardmagnetic materials, basics
Coercivity
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Hardmagnetic materials, basics
Coercivity

3) Large high-anisotropy particles (Q > 1)

• Elliptical particle, Ku,  d > d1-dom

• Expectation: walls do exist       Hc small
• However, theory predicts: Hc = HK  for Q > 1
• Explanation (W.F. Brown): after saturation 

along e.a.: domain nucleation hindered (although 
domain state energetically favorable)

• Reason: Nucleation = rotation against 
anisotropy       requires HK                                        
wall nucleation only for  
Hin = Hext + Hdem > 2K/µ0 Ms 
(independent of particle size)

Ms
HA B

Surface

A B

Wall nucleation

• However: experimental Hc much smaller = 
Brown‘s paradox 155
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• Expectation: walls do exist       Hc small
• However, theory predicts: Hc = HK  for Q > 1
• Explanation (W.F. Brown): after saturation 

along e.a.: domain nucleation hindered (although 
domain state energetically favorable)

• Reason: Nucleation = rotation against 
anisotropy       requires HK                                        
wall nucleation only for  
Hin = Hext + Hdem > 2K/µ0 Ms 
(independent of partcle size)

A B

Wall nucleation

• However: experimental Hc much smaller = 
Brown‘s paradox

Ms
HA B

Surface

3) Large high-anisotropy particles (Q > 1)

Hardmagnetic materials, basics
Coercivity
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• Reason: Nucleation = rotation against 
anisotropy       requires HK                                        
wall nucleation only for  
Hin = Hext + Hdem > 2K/µ0 Ms 
(independent of partcle size)

A B

• However: experimental Hc much smaller = 
Brown‘s paradox

3) Large high-anisotropy particles (Q > 1)

Hardmagnetic materials, basics
Coercivity

 

year

^11111111111111111
19901980197019601950 year

Discrepancy

1

0.5

Hc /HK
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• However: experimental Hc much smaller = 
Brown‘s paradox

Hardmagnetic materials, basics
Coercivity

3) Large high-anisotropy particles (Q > 1)

• Reasons:

• If premature nucleation: low-energy domain state 
is formed, magnetization by wall displacement

• Real samples are not elliptical
• Areas of reduced anisotropy (defects, etc.)
• Sharp edges: Hdem      ∞
• Defects, bulges: Hdem     (reduction of 

nucleation field), or residual domain walls 
which can be easily mobilized 

• The larger the particles, the larger is number 
of defects       Hc  decreases with particle size   

Ms

H
N

S
Hdem

Ms

H

Ms
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Original 
magnetization

Reversed 
magnetization

Domain 
wall

Wall 
propagation

Pinning centresReversal mechanisms:
(A) Nucleation in bulk
(B) Nucleation at defect
(C) Pinning at extended defects

Nucleation-type magnets
Magnetization reversal 
determined by nucleation of 
domains

Pinning-type magnets
Magnetization reversal 
(coercivity) determined by 
pinning of domain walls

2 types of (large-grained) magnets

Hardmagnetic materials, basics

158

(A)
(B)

(C)



M

H

Nucleation-type magnet

Pinning-type 
magnet

Initial magnetization curves:Starting from thermally demagnetized 
state, every grain in a nucleation-type 
material contains many domain walls that 
can be displaced easily  large initial 
permeability. Permanent magnet 
properties appear only when domain walls 
are driven out in large field. The material 
can be remagnetized after this step only 
if new domain walls are nucleated. 

2 types of (large-grained) magnets
Difference between two types of large-grained magnets can best be seen in the 
initial magnetization curves:

In contrast, in a material with 
many defects (like 
precipitations) domain walls are 
effectively pinned, leading to low 
initial permeability.

Hardmagnetic materials, basics
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Hardmagnetic materials, basics

(A) Single crystals

Remanence depends on field direction relative to easy axes

Single crystal with uniaxial anisotropy

36

Hin /HK
10.50

Iron single crystal with cubic anisotropy
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Remanence
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Hardmagnetic materials, basics
Remanence

(A) Single crystals

Remanence depends on field direction relative to easy axes

Single crystal with uniaxial anisotropy

36

Hin /HK
10.50

Iron single crystal with cubic anisotropy
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cos φ = 1/√2

M
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= 1/√2

Hφ = 45°

H

160

0°



Hardmagnetic materials, basics
Remanence

(B) Polycrystals

Demagn. H H Remanence
H = 0Easy axes

Easy axes Remanence

Uniaxial anisotropy

Cubic anisotropy

Uniaxial Polycrystal: Mr = 0.5 Ms

Cubic Polycrystal (Kc1 > 0):  3 easy ⟨100⟩ axes,  Mr = 0.83 Ms 

Cubic Polycrystal (Kc1 < 0):  3 easy ⟨111⟩ axes,  Mr = 0.87 Ms

H

After removing the field, the 
magnetization of each grain 
falls back to those easy axes 
that are closest to the field 
direction        remanence 

No coercivity⎬ 161



Hardmagnetic materials, basics

(B) Polycrystals

High remanence in uniaxial material: requires textured microstructure

Isotropic material Anisotropic material (textured)

Remanence = 0.5 Ms Remanence > 0.5 Ms

Magnetic field

Remanence
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Hardmagnetic Materials:
Examples
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Hardmagnetic materials, examples
NdFeB, sintered
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Hardmagnetic materials, examples
NdFeB, sintered

• Highest performance permanent magnets

• Based on Nd2Fe14B phase: tetragonal,    
Kc = 4900 kJ/m3, Tc = 315°C, Js ≈ 1,61 T

• Replace some Fe by Co: Tc�

Replace some Nd by Dy: Hc�c-
ax
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Hardmagnetic materials, examples
NdFeB, sintered

• Highest performance permanent magnets

• Based on Nd2Fe14B phase: tetragonal,    
Kc = 4900 kJ/m3, Tc = 315°C, Js ≈ 1,61 T

• Replace some Fe by Co: Tc�

Replace some Nd by Dy: Hc�

• Microstructure: c-axis-aligned grains in 
10 µm size range (> single domain size)

Domains in sintered NdFeB magnet, 
thermally demagnetized

10 µm

c-
ax

is
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Hardmagnetic materials, examples
NdFeB, sintered

• Highest performance permanent magnets

• Based on Nd2Fe14B phase: tetragonal,    
Kc = 4900 kJ, Tc = 315°C, Js ≈ 1,61 T

• Replace some Fe by Co: Tc�

Replace some Nd by Dy: Hc�

• Microstructure: c-axis-aligned grains in 
10 µm size range (> single domain size)
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Hardmagnetic materials, examples
NdFeB, sintered

• Highest performance permanent magnets

• Based on Nd2Fe14B phase: tetragonal,    
Kc = 4900 kJ, Tc = 315°C, Js ≈ 1,61 T

• Replace some Fe by Co: Tc�

Replace some Nd by Dy: Hc�

• Microstructure: c-axis-aligned grains in 
10 µm size range (> single domain size)

c

• Preparation: aligning of single-grain 
particles, sintering
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Hardmagnetic materials, examples
NdFeB, sintered

• Highest performance permanent magnets

• Based on Nd2Fe14B phase: tetragonal,    
Kc = 4900 kJ, Tc = 315°C, Js ≈ 1,61 T

• Replace some Fe by Co: Tc�

Replace some Nd by Dy: Hc�

• Microstructure: c-axis-aligned grains in 
10 µm size range (> single domain size)

• Preparation: aligning of particles, 
sintering
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Nd2Fe14B grains

Inpurities, e.g. oxides
Intergranular Nd-rich phase, 
non-magnetic

Grains are „exchange-decoupled“
(domain walls do not pass grain boundaries)
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Hardmagnetic materials, examples
NdFeB, sintered

• Highest performance permanent magnets

• Based on Nd2Fe14B phase: tetragonal,    
Kc = 4900 kJ, Tc = 315°C, Js ≈ 1,61 T

• Replace some Fe by Co: Tc�

Replace some Nd by Dy: Hc�

• Microstructure: c-axis-aligned grains in 
10 µm size range (> single domain size)

• Preparation: aligning of particles, 
sintering

• Sintered magnet: „Isolated grains“ 
Nucleation-type magnet
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Nd2Fe14B grains

Inpurities, e.g. oxides
Intergranular Nd-rich phase, 
non-magnetic

Grains are „exchange-decoupled“
(domain walls do not pass grain boundaries)
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H

H=0 (remanence) SaturationIn strong opposite field
domains are nucleated

H

H

M

Nucleation-type magnetization
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Hardmagnetic materials, examples
         sintered

• Highest performance permanent magnets

• Based on Nd2Fe14B phase: tetragonal,    
Kc = 4900 kJ, Tc = 315°C, Js ≈ 1,61 T

• Replace some Fe by Co: Tc�

Replace some Nd by Dy: Hc�

• Microstructure: c-axis-aligned grains in 
10 µm size range (> single domain size)

• Preparation: aligning of particles, 
sintering10 µm

Thermally demagnetized

Magnetized 
(permanent magnet state)

• Sintered magnet: „Isolated grains“ 
Nucleation-type magnet
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Hardmagnetic materials, examples
         sintered

• Highest performance permanent magnets

• Based on Nd2Fe14B phase: tetragonal,    
Kc = 4900 kJ, Tc = 315°C, Js ≈ 1,61 T

• Replace some Fe by Co: Tc�

Replace some Nd by Dy: Hc�

• Microstructure: c-axis-aligned grains in 
10 µm size range (> single domain size)

• Preparation: aligning of particles, 
sintering

remove all domains by applying strong 
magnetic field  domain wall nucleation 
impeded due to high wall energy, caused 
by high crystal anisotropy (γ180 ≈  √(A/K)

10 µm

Thermally demagnetized

Magnetized 
(permanent magnet state)

• Sintered magnet: „Isolated grains“ 
Nucleation-type magnet
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Hardmagnetic materials, examples
NdFeB, sintered

Dy rich

Dy rich
grain bound

ary

2:14:1

2:14:1

• Additions of Dy are known to enhance 
anisotropy and consequently coercivity

• However: Dy also reduces remanence 
and is expensive (rare-earth crisis)

• Research: concentrate Dy close to 
grain boundaries by grain boundary 
diffusion during post-sintering 
annealing (in bulk of grain: Dy does not 
have any positive effect)

Sepehri-Amin et al. (2013)

Research
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Hardmagnetic materials, examples

along
texture axis

10 µm

perpendicular 
texture axis

Thermally 
demagnetized

Magnetized

perpendicular 
texture axis

Thermally 
demagnetized
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Hardmagnetic materials, examples

along
texture axis

10 µm

perpendicular 
texture axis

Thermally 
demagnetized

Magnetized

perpendicular 
texture axis

Thermally 
demagnetized

What happens,
when structural length (grain size) 
approaches 100-nanometer regime 

(= single-domain regime) 

170



Hardmagnetic materials, examples

along
texture axis

10 µm

perpendicular 
texture axis

Thermally 
demagnetized

Magnetized

perpendicular 
texture axis

Thermally 
demagnetized

What happens,
when structural length (grain size) 
approaches 100-nanometer regime 

(= single-domain regime) 

Nd2Fe14B:
Kc = 4.3•106 kJ/m3

    A = 8•10–12 J/m
Lex =  A/Kc = 1.3 nm

Typical grain sizes: 20 – 300 nm

random anisotropy 
effect irrelevant
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Hardmagnetic materials, examples

along
texture axis

10 µm

perpendicular 
texture axis

Thermally 
demagnetized

Magnetized

perpendicular 
texture axis

Thermally 
demagnetized

What happens,
when structural length (grain size) 
approaches 100-nanometer regime 

(= single-domain regime) 
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Hardmagnetic materials, examples
NdFeB, nano-structured

along
texture axis

10 µm

perpendicular 
texture axis

Thermally 
demagnetized

Magnetized

perpendicular 
texture axis

Thermally 
demagnetized

What happens,
when structural length (grain size) 
approaches 100-nanometer regime 

(= single-domain regime) 
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Nano-structured NdFeB
Ensemble of single-domain grains
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Nano-structured NdFeB
Ensemble of single-domain grains

Expectation:
each grain (particle) magnetized along its 

easy axis
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Nano-structured NdFeB
Ensemble of single-domain grains
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Nano-structured NdFeB
Ensemble of single-domain grains
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Remanent 
state
after 
field

Nano-structured NdFeB: remanence enhancement
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Remanent 
state
after 
field

Nano-structured NdFeB: remanence enhancement

Isotropic,no exchange coupling
at grain boundaries
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Remanent 
state
after 
field

Nano-structured NdFeB: remanence enhancement

Isotropic,no exchange coupling
at grain boundaries
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Remanent 
state
after 
field

Nano-structured NdFeB: remanence enhancement

Isotropic,no exchange coupling
at grain boundaries

Remanence = 0.5 Ms
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Nano-structured NdFeB: remanence enhancement

Remanent 
state
after 
field
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With exchange coupling

Nano-structured NdFeB: remanence enhancement

Remanent 
state
after 
field
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wall
width

With exchange coupling

Nano-structured NdFeB: remanence enhancement

Remanent 
state
after 
field
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wall
width

With exchange coupling

Nano-structured NdFeB: remanence enhancement

Remanent 
state
after 
field
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wall
width

With exchange coupling

Nano-structured NdFeB: remanence enhancement

Remanent 
state
after 
field
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wall
width

With exchange coupling

Nano-structured NdFeB: remanence enhancement

Remanent 
state
after 
field
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Remanence > 0.5 Ms

wall
width

With exchange coupling

Nano-structured NdFeB: remanence enhancement

Remanent 
state
after 
field
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Remanence > 0.5 Ms

wall
width

With exchange coupling

Nano-structured NdFeB: remanence enhancement

Remanent 
state
after 
field

0.3

0.2

0.1

0

H
c 

/H
K

0 10 20
D [nm]

1

0.8

0.6

M
r /

 M
s

remanence M
r

coercivity Hc

∏  A/Kc  = 4.2 nm

W.Rave & K.Ramstöck, JMMM 171 (1997) 
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Nd2Fe14B (Js = 1.6 T)
α-Fe (Js = 2.1 T)

Nano-structured NdFeB: remanence enhancement

Exchange-spring magnet

NdFeBα-Fe
Remanent 

state
after 
field
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Nd2Fe14B (Js = 1.6 T)
α-Fe (Js = 2.1 T)

Nano-structured NdFeB: remanence enhancement

Exchange-spring magnet

NdFeBα-Fe
Remanent 

state
after 
field0.5– 0.5 0

µ  H [T]0
 J

 [T
]

0.5

1

0
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Nd2Fe14B (Js = 1.6 T)
α-Fe (Js = 2.1 T)

Nano-structured NdFeB: remanence enhancement

Exchange-spring magnet

NdFeBα-Fe
Remanent 

state
after 
field
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85 nm

85 nm

field

T. Schrefl and J. Fidler, 
IEEE Trans. Magn. 35, 

3223 (1999)

remanent state

Nd2Fe14B

Fe3B

Nano-structured NdFeB: remanence enhancement
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Remanence enhancement (Mr > Ms/2)
Exchanged coupled grains 
based on stoichiometric 

Nd2Fe14B, 
grain size ~10 nm range

Exchanged coupled grains 
based on nanocomposite 

Nd2Fe14B /α-Fe                       

3 types of nano-structured NdFeB magnets

Remanence 
enhancement 
for isotropic 

magnets
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Remanence enhancement (Mr > Ms/2)
Exchanged coupled grains 
based on stoichiometric 

Nd2Fe14B, 
grain size ~10 nm range

Exchanged coupled grains 
based on nanocomposite 

Nd2Fe14B /α-Fe                       

3 types of nano-structured NdFeB magnets

Remanence 
enhancement 
for isotropic 

magnets

Decoupled Nd2Fe14B 
grains separated by thin 

paramagnetic layer

Remanence 
enhancement 
by texturing

176



Permanent magnets, basics
Isotropic Anisotropic (textured)

Remanence = 0.5 Ms Remanence > 0.5 Ms

 field 177



• Melt spinning
• Mechanical alloying
• Intensive milling

• HDDR 

Hot pressing

Isotropic 
nanocrystalline powders 

(Mr = Ms/2)

Isotropic, 
fully dense magnet
(not very useful…)

Processing routes for nano-structured NdFeB

hydrogen
1 bar vacuum

time

te
m

pe
ra

tu
re

100 µm 300 nmNd2Fe14B

NdHx + Fe + Fe2B

Nd2Fe14B

Hydrogenation
Disproportionation

Desorption
Recombination

~800°C

~100 nm

178

GrainPowder 
particle:



Isotropic 
nanocrystalline powder 

(Mr = Ms/2)

Hot deformation:

Anisotropic
textured magnet

(Mr >> Ms/2)

Die upsetting Backward extrusion

Axial texture Radial texture

Anisotropic 
HDDR 
process

Memory 
effect

Mother 
grains

e.a.

~100 nm

Processing routes for nano-structured NdFeB
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-2.5 -2.0 -1.5 -1.0 -0.5 0
0.0

0.5

1.0

1.5

 

µ0H (T)

 hot pressed

J 
(T

)

0.28

0.53

0.62

0.72
0.79

0.1

200nm

Die-upset melt-spun 
Nd13.6Fe73.6Ga0.6Co6.6B5.6 

Nano-structured NdFeB
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Texture 
grade

die upset ||

die upset ⊥

keynote:/Users/schaefer/Desktop/2015-IEEESummerSchool/Dauermagnete/MSSS%202013_Lecture%20Slides-Karl-Hartmut%20Muller.key?id=BGSlide-35
keynote:/Users/schaefer/Desktop/2015-IEEESummerSchool/Dauermagnete/MSSS%202013_Lecture%20Slides-Karl-Hartmut%20Muller.key?id=BGSlide-35


Magn. microstructure of nanostructured NdFeB
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Decoupled grains,
size: ~300 nm



Magn. microstructure of nanostructured NdFeB

Expectation:
each grain (particle) magnetized 

along its easy axis.

181

Decoupled grains,
size: ~300 nm



Magn. microstructure of nanostructured NdFeB
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Decoupled grains,
size: ~300 nm



Magn. microstructure of nanostructured NdFeB
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Decoupled grains,
size: ~300 nm



Magn. microstructure of nanostructured NdFeB
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Decoupled grains,
size: ~300 nm



Magn. microstructure of nanostructured NdFeB

20 µm

coarse
grains

fine 
grains

Observation perpendicular to texture axis

181

Decoupled grains,
size: ~300 nm



400 nm

observed perpendicular to texture axis

Hot deformed NdFeB magnet (thermally demagnetized)
 (deformation degree ~ 76%, texture parameter (Br||-Br )/Br|| = 0.79)

grain structure domains

Courtesy K. Khlopkov and O. Gutfleisch (IFW Dresden)
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Magn. microstructure of nanostructured NdFeB



easy 
axis

Nd2Fe14B

paramagnetic 
grain boundary phase
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Magn. microstructure of nanostructured NdFeB
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axis
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paramagnetic 
grain boundary phase
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Magn. microstructure of nanostructured NdFeB
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Magn. microstructure of nanostructured NdFeB
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Magn. microstructure of nanostructured NdFeB
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Magn. microstructure of nanostructured NdFeB
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Magn. microstructure of nanostructured NdFeB
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Magn. microstructure of nanostructured NdFeB
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Magn. microstructure of nanostructured NdFeB



easy 
axis

Nd2Fe14B

paramagnetic 
grain boundary phase
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Magn. microstructure of nanostructured NdFeB



Magnetostatic interaction domains

easy 
axis

Nd2Fe14B

paramagnetic 
grain boundary phase
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Magn. microstructure of nanostructured NdFeB



easy 
axis

Nd2Fe14B

paramagnetic 
grain boundary phasemagnetostatic interaction domains
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Magn. microstructure of nanostructured NdFeB



magnetic 
field

easy 
axis

Nd2Fe14B

paramagnetic 
grain boundary phasemagnetostatic interaction domains
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Magn. microstructure of nanostructured NdFeB



easy 
axis

Nd2Fe14B

paramagnetic 
grain boundary phase

magnetic 
field

magnetostatic interaction domains
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Magn. microstructure of nanostructured NdFeB



easy 
axis

Nd2Fe14B

paramagnetic 
grain boundary phase

magnetic 
field

magnetostatic interaction domains
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Magn. microstructure of nanostructured NdFeB



easy 
axis

Nd2Fe14B

paramagnetic 
grain boundary phase

magnetic 
field

magnetostatic interaction domains
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Magn. microstructure of nanostructured NdFeB



easy 
axis

Nd2Fe14B

paramagnetic 
grain boundary phase

magnetic 
field

magnetostatic interaction domains
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Magn. microstructure of nanostructured NdFeB



Magnetization process along preferred axis

field

NdFeB
grain size

about 100 nm

20 µm
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Magn. microstructure of nanostructured NdFeB



Hardmagnetic materials, examples
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Hardmagnetic materials, examples
Hexa-Ferrites

Preparation: Presintering of BaCO3 and Fe2O3 at 
1200°C, milling, wet-pressing, final sintering at 
1200°C → oriented grains  

Structure Barium-Hexaferrite: hcp lattice of O and Ba, 
with iron in octahedral, tetrahedral, and trigonal 
bipyramidal sites.

Application: Low-cost permanent magnet 
(98% of all permanent magnets by mass are 
Ba or Sr ferrite). Found on every fridge door 
and in innumerable catches, dc motors, 
microwave magnetrons, etc.

BaO•6 Fe2O3

c-axis = easy axis
Kc = 450 kJ/m3

Js = 0.48 T

488 HABD MAGNETIC MATERIALS

Fig. 14.11 Photomicrographs of sintered barium ferrite with oriented gains. (a) Section normal to
c-axes; (b) section parallel to c-axes U. Smit and H. P. J. Wijn, Feruites, Wiley (1959)1.

The observed values of Hsi ara no more than one-third the lower theoretical limit. It
follows that ferrite magnets are not composed of single-domain particles reversing coher-
ently. The typical grain size of 1pm is too large; we estimated (Problem 9.4)the critical
size for single-domain behavior to be of the order of 1000A (:0.1 pm). Magnetization
reversal in ferrite magnets must therefore take place by wall nucleation and motion
(Section 11.5). The coercivity could in principle be increased by making the particles
smaller atdf or smoother and with fewer crystal imperfections, in order to decrease the
number of sites for wall nucleation.

The maximum value of (8,F1)-* for commercial ferrite magnets is about 3.5 MGOe or
28kJ lm3, and has not increased significantly for many years.
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Nucleation-type magnet

c-axis
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Hardmagnetic materials, examples
SmCo-magnetsSmCo5 Sm2Co17

c-axis = 
easy axis

Kc = 17200 kJ/m3

Js = 1,07 T
Kc = 4200 kJ/m3

Js = 1,25 T

Co

Sm

Nucleation-type magnet Pinning-type magnet

High fields required to 
fully magnetize 

(remove all nuclei)

High temperature stability: 
Hc = 800 kA/m at 500°C
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Hardmagnetic materials, examples
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Hardmagnetic materials, examples
SmCo17
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Hardmagnetic materials, examples
Sm(Co0.784Fe0.1Cu0.088Zr0.028)7.19
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Pinning magnet: 
coercivity determined by interaction of domain walls and precipitates

c-axis parallel c-axis perpendicular

Sm2(CoFe)17
cells (100 nm)

Zr-rich
precipitation phase

Cu-rich
precip. phase 

c-axis
100 nm 100 nm

Hardmagnetic materials, examples
Sm(Co0.784Fe0.1Cu0.088Zr0.028)7.19
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Pinning magnet: 
coercivity determined by interaction of domain walls and precipitates

c-axis parallel c-axis perpendicular

Sm2(CoFe)17
cells (100 nm)

Zr-rich
precipitation phase

Cu-rich
precip. phase 

c-axis
100 nm 100 nm

Hardmagnetic materials, examples
Sm(Co0.784Fe0.1Cu0.088Zr0.028)7.19

100 nm

Domain wall pinning (Lorentz-TEM):

courtesy J. Fidler, Vienna
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Hardmagnetic materials, examples
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Hardmagnetic materials, examples
AlNiCo
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Hardmagnetic materials, examples
AlNiCo

0,5 µm

relatively small crystal anisotropy (     to NdFeB)

ferromagnetic 
FeCo-needles 

(high Ms)

non-magnetic 
NiAl-matrix Application of shape anisotropy

a

b
c

Long cylinder 
(b = c; a     ∞):

Na ≈ 0; 
Nb = Nc ≈ 1/2

cylinder preferably 
magnetized along 

axis

Shape anisotropy

M

Preparation: spinoidal decomposition
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Coercivity and texture is 
not all:

Energy product
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To create poles and stray field …

… open magnets are needed

N S

Closed magnet
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A : cross sectionBg  = µ0 Hg 
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• Jm
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1 – N

N Load line
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478 HARD MAGNETIC MATERIALS

OF PERMANENT MAGNETS14.2 OPERATION

Before considering the materials of which magnets are made, we must examine the
conditions under which a magnet operates, in order to determine what material properties
are important. Because the only function of a magnet is to provide an extemal field, it must
have free poles. A circumferentially magnetized ring, forming a closed magnetic circuit,
produces no external fleld and so has no practical use. A permanent magnet always operates
on open circuit. The resulting free poles üeare a demagnetizing field 116 which makes
the induction lower than the remanence value B. found in a closed ring, a point that was
illustrated in Fig. 2.33.

After a magnet is manufactured, a strong field I11 is applied to it and removed, causing
theinductionBtofollowthepathshowninFig. l4.l.TheoperatingpointPofthemagnetis
determined by the intersection of the line OC with the second quadrant of the hysteresis loop.
This quadrant is called the demagnetization curve of the material. The values of //. and B.
and the shape of this curve determine the usefulness of a material as a pennanent magnet.

The line OC is called the load line.FromFig.2.33, its slope is given by

ttr(4n-NJ - -- lcssl or
Na

(1 - N,')-: Nd--:: ts!'

where N6 is the demagnetizing factor of the magnet. Because N6 depends on the geometry
of the magnet, it can be altered by the magnet designer, who has the freedom to choose the
slope of OC and therefore put the operating point P almost anywhere on the demagnetization
curve. The question then arises: What is the best operating point P?

Consider the speciflc case of the gapped ring of Fig. 14.2, which is similar to some actual
magnetic circuits. This could be the magnet for a moving-coil meter, with the moving coil
located in the air gap. The magnet must provide afield Huof constant sffength in the air gap.
The induction in the magnet is Ba, which we will now call B-, and the fleld is IIa, which we
will now call H^. According to Ampere's law, Equation 2.55, tJ:re line integral of fI around

Hc Hd

Fig. 14.1 Initial magnetization and demagnetization curve of a permanent magnet. B, is the residual
induction; point P is the operating point.
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Hm lm  + Hg lg  = 0

Bm Am  = Bg Ag  Bg  = µ0 Hg  =               / • Hg
Bm Am

Ag

Hg  =  – Hm lm 

lg

Bm Hm Vmµ0 Hg  = –    2 Bm Am

Ag

Hm lm 

lg
= –    

Vg

µ0 Hg  Vg  = – Bm Hm Vm   2

Stray-field energy:

Es  =     µ0 ∫ Hs dV  =     µ0 Hg  Vg   =     Bm Hm Vm
1
2

1
2

2 2 1
2

Energy, stored in field of air gap  ~ (Bm•Hm)

(Hs  = Hg)

•

•

•

•

•
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µ0 Hg  = –    2
Ag lg

= –    
Vg

µ0 Hg  Vg  = – Bm Hm Vm   2

Stray-field energy:
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480 HARD MAGNETIC MATERIALS

Fig. 14.3 Left: demagnetization curve; right: corresponding values ofenergy product (BH) plotted
on the same B scale. Maximum value of (BI1) is shown on both plots'

magnet is a maximum. Furlhermore, Equation 7.43 shows that the energy stored in the field
in rhe air gap is HlvrlSz.ergs (cgs) or p.oulvlzjoule (sI). For a magnet of any volume,
this energy is direclly proportional to BH, which is accordingly called the energy product.
Figure 14.3 shows how BII varies with B over the demagnetization curye, going through a
maximum value (BII)-* for a particular value of ß. For most efficient use of material, the
magnet should be so shaped that the load line passes through the point at which (BlI) has its
maximum value (8,[/)-u^. Evidently, the magnet of Fig. 14.3 should be made thicker, or
shorter, to bring its operating point P down to the (Bä)-* point.

The demagnetization curves of pemanent-magnet materials are often presented on
graphs on which lines of constant BH are lightly drawn, as in Fig. 14.4. The viewer can
then see at once the approximate value of (BIll-* and where that point lies on the
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Fig. 14.4 Demagnetization curves (schematic) of two permanent magnet materials denoted 1 and
2. The graph shows also contour lines of constant (ßH), and perimeter marks to a1low values of the
permeance coefficient to be drawn. Material t has (BI1)-* about 3 MGOe; the value for material 2
is just below 2 MGOe.
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• Difference between M(H) and B(H)

• Soft magnets: 
Fields involved in hysteresis 
loop are much smaller than 
corresponding magnetization 
values 

 B ≅ µ0 M 
 difference between B(H) 

and M(H) negligible *

• Hard magnets: 
H and M have comparable 
orders  B(H) significantly 
different from M(H)

B(H) = µ0 (H + M)

µ0 H [T]

µ 0
 M

 [T
]
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* Example Permalloy:
  Saturation flux density = 1 T
  Field to saturate ring sample = 100 mT 203
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* Example Permalloy:
  Saturation flux density = 1 T
  Field to saturate ring sample = 100 mT 203
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B  = µ0(H + M)   

Assumption: ideal magnet with square M(H) loop 
and very high coercivity: MHc  > Mr /2

(BmHm)  = µ0(Hm + Mr)•Hm   
Demag field: Hdem  = Hm  = –NMr 

(BmHm)  = µ0(–NMr + Mr)•(–NMr)   
= –µ0Mr2 (N – N2)   

Maximization with respect to 
shape (i.e. demag factor N):
∂(BmHm)/∂N = 1 – 2N = 0

Nopt = 1/2
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Operating point at: •

B = Br /2 and H = –Mr /2
Energy product: •

(BH) = µ0Mr /4  MHc
2

Mr MHc
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Hardmagnetic materials, basics

Assumption: square M(H) loop, but coercivity: MHc  < Mr /2•

M
B

MHc = BHc µ0H

Mr

µ0M, B  • (BH)max  = (Mr – MHc)• MHc < µ0Mr /42

Nopt = Hc /Mr  < 1/2•

Examples: steel, Alnico•
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Hardmagnetic materials, basics
The non-ideal magnet…

Assumption: square M(H) loop, but coercivity: MHc  < Mr /2•

M
B

MHc = BHc µ0H

Mr

µ0M, B  • (BH)max  = (Mr – MHc)• MHc < µ0Mr /42

Nopt = Hc /Mr  < 1/2•

Examples: steel, Alnico•
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Hardmagnetic materials, basics
The non-ideal magnet…

Assumption: square M(H) loop, but coercivity: MHc  < Mr /2•

M
B

MHc = BHc µ0H

Mr

µ0M, B  • (BH)max  = (Mr – MHc)• MHc < µ0Mr /42

Nopt = Hc /Mr  < 1/2•

Examples: steel, Alnico•
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Hardmagnetic materials, basics
The non-ideal magnet…

Assumption: square M(H) loop, but coercivity: MHc  < Mr /2•

• (BH)max  = (Mr – MHc)• MHc < µ0Mr /42

Nopt = Hc /Mr  < 1/2•

Examples: steel, Alnico•

N

S
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Hardmagnetic materials, basics
Shape and energy product

M

B

µ0H

µ0M, B  

(BH)max 

Nopt = 1/2
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Hardmagnetic materials, basics
Shape and energy product

M

B

µ0H

µ0M, B  

Nopt = 1/2

1/2 < N < 1
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(BH) < (BH)max 
Bm  =  –            µ0 Hm

1 – N
N

Load line
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Shape and energy product

M

B

µ0H

µ0M, B  

(BH)max 

Nopt = 1/2

1/2 < N < 1

N = 1
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Overview of permanent
magnet production by
materials (a), and
applications (b). The pie
represents an annual
market of about 6 b5.
5- sintered
B- bonded

Applications of haid magnets

SmCo Alnico OtherSeparation Other
Oil dewaxing

Electron tubes

MRI

Holding

B. NdFeB

S. NdFeB
S. Ferrite

Actuators,
Loudspeakers

(a) (b)

ö=ö:i:.:::.:.:;i ilii ; i .: ;.:.i,..',.,'i,,,i'i:,:.,.i;:,"',

(a) A simple magnetic
circuit and its electrical
equivalents, (b) with and
(c) without flux loss.

o

Permanent magnets are conventionally shown in magnetic circuits as trans-
parent or unshaded, with a solid arrow to indicate the direction of magnetization.
Soft iron is shaded.

13.1 Magnetic circuits
,:*ii:i:[$fä.iliiji]:ij!:ijii:iiä:ilifiiIl;:!$l;:!:i]iliii]:ii:i::!'i.ii

A magnetic circuit comprises a magnet and an airgap with soft iron to guide the
flux. When flux from a permanent magnet of length 1,,, and cross section -u1,,
is guided through soft magnetic material into an airgap of length /, and cross
section -4r, as in the circuit of Fig. 13.2(a), V . B : 0 gives

B,rrA,r: BgAg, (13.1)

provided there is no flux leakage. We make the simplifying, if unrealistic,
assumptions that B,n and -8, are constants, and that the soft material in the
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3.
Magnetic Materials with 

special functions

There is much more on 
Magnetic Materials…
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Materials for 
Spintronic Applications

see lecture by Jian-Ping Wang
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Materials for 
Magnetic Data Storage

see lecture by Kaizhong Gao
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Materials for 
Biomedical Applications

see lecture by Tim St. Pierre
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Heusler alloys
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Graf, Felser, Parkin, Progress in Solid State Chemistry 39 (2011) 1

L21 structure X2YZ 
(Protoype: Cu2MnAl)                          

C1b structure XYZ 
(Protoype: LiAlSi)                          

Ternary, intermetallic materials

Heusler alloys

219



220

Magnetic Shape Memory Materials 



• Magnetically-induced reorientation of crystal structure, elongation up to 10%
• Twin boundary movement in martensitic phase (no phase transition, affects only 

microstructure)
• Typical: 5M Ni-Mn-Ga (Heusler alloy)
• Application: compact actuators

220

Magnetic Shape Memory Materials 
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Magnetocaloric Materials
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field
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Absorb heat

H

H

T0

T0 +ΔT

T0

T0 –ΔT

ää!ää=EIääägiE;EääiiEäuEääEEäEI§t§EEäA

t ilääs e iäägsälägägEäiäääägi:t ätläiäggää
äääEä§ : EäiääBäääEäiäiEäiä;i:ä Fs;ä-rää* s

§§§,§loto=\t

te* 
Eäf do**.i6e ei*t ls * dots; a dnä,i 6

rr;; 
sr;§is$§;rFEEE!Eg:ääEg;

ägEl €;tEä;;Ei;;äE;Eäüäi äf aE
äääiE ääägEIgäEfEääää;isäEiEi
!E äEE äEg-:EI?: EEE: H§f 3# E ,I€Eä$E
är=ä€ ;e;eEtE äääiitiää€ääiEä:

I
/'__-\

/-_t
l---1..
\_7

_-
+

@
tIII

Affi
rffi

-<- 
§g

. ,/-=\ 
r \

F/- 
-\

< I --_t
+ l---l 

+
ol 

I

-\_7
I

Î
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µ0H = 0 to 2 Tesla

J. Liu et al., Nature Materials 11 (2012), 620
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Field-effect-type charge 
density control within the 
screening length of the magnet  
Applied in magnetic tunnel 
junction with ferroelectric 
tunnel barrier

H. J. A. Molegraaf et al., Adv. Mater. 21, 3470 (2009)                
V. Garcia et al., Science 327, 1106 (2010) 

Multiferroics: two or more of the 
primary ferroic properties are united

Ferroelectricity Ferromagnetsm
spontaneous
polarization

spontaneous
magnetization

+ – + –

+ – + –
N S

Electric control of magnetic order

Magnetic control of electric order

Magnetostrictive

Piezoelectric

Piezoelectric material exerts elasitic strain on magnetic 
material: Control of magnetic properties (anisotropy, Curie 
temperature, magnetic moment,  magnetic phase etc.)

Magnet

Ferroelectric

E
E

P
+ + +

– – –

Multiferroics
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Helical magnets, Skyrmios

Materials: 
• Non-centrosymmetric magnetic crystals

• B20-metals: helimagnets MnSi, FeGe…
• Cr1/3NbSe2

• CuFeS2 chalcopyrite structure 
• CsCuCl3 …
• CePt3Si, UIr
• UPdSn
• Ba2CuGe2O7, K2V3O8

• BiFeO3 , TbFe3(BO3)4, multiferroics       
• ect. …

• Thin magnetic films:
• Surfaces break inversion symmetry

Baby-Skyrmions in magnets

Elementary excitations in 
Quantum Hall magnets

Chiral Skyrmions

in noncentrosymmetric magnets

Skyrmoins

Non-collinear magnetism

Effect of spin-orbit coupling

Weak ferromagnetism Néel 1953, Borovik-Romanov & Orlova 1956

Phenomenological theory: antisymmetric exchange, Dzyaloshinskii 1957

Microscopic explanation:   antisymmetric contribution from superexchange, 
Moriya 1960

Direct exchange     vs.    antisymmetric exchange

net magnetization

staggered (antiferromagnetic) vector

m = ( m1 + m2 ) / 2

l = ( m1 - m2 ) / 2

m
l

m1

m2 

J (S1 � S2) D · ( S1 x S2)

Non-collinear magnetism

Effect of spin-orbit coupling

Weak ferromagnetism Néel 1953, Borovik-Romanov & Orlova 1956

Phenomenological theory: antisymmetric exchange, Dzyaloshinskii 1957

Microscopic explanation:   antisymmetric contribution from superexchange, 
Moriya 1960

Direct exchange     vs.    antisymmetric exchange

net magnetization

staggered (antiferromagnetic) vector

m = ( m1 + m2 ) / 2

l = ( m1 - m2 ) / 2

m
l

m1

m2 

J (S1 � S2) D · ( S1 x S2)
Dzyaloshinskii, Moriya

(antisymmetric exchange)
Heisenberg

(direct exchange)

Competition:

Spin spirals and skyrmions:
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CoFeB film with perpendicular anisotropy
Courtesy: Axel Hofmann, Argonne
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