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Introduction and bibliography

Handbook of Magnetism and Advanced Magnetic Materials, vol. 4 - Novel Materials, H. 
Kronmüller and S. Parkin eds., Wiley, Sept. 2007

Handbook Magnetism and Adv. Magn. Materials 2007

Amorphous materials

Nanocrystalline materials

Bulk glasses and bulk 

nanocrystalline

Perovskites

Dilute oxides and nitrides

Half metals

Thin films

Biomagnetic materials

AlNiCo

Rare earths

Other Heusler alloys

R. C. O'Handley, Modern Magnetic Materials: Principles and Applications, Wiley, Nov. 1999

O' Handley 1999

Fe-Si alloys

Fe-Co alloys

Ferrites

Mn and alloys

Amorphous materials

AlNiCo

Rare earths

Other

Nanocrystalline materials

Fe-Ni alloys

ASM Metals Handbook, 9th Ed., Vol. 3: Properties and Selection: Stainless Steels, Tool 
Materials and Special-Purpose Metals, American Society for Metals, Metals Park, Ohio 
(1980)

ASM Handbook, 1980

Fe

Fe-Si alloys

Fe-Ni alloys

Ferrites

Other

AlNiCo

Rare earths

Fe-Co alloys

Other Fe binary alloys

Compressed powdered Fe

R. M. Bozorth, Ferromagnetism, D. Van Nostrand and Company, New York, 1951

Bozorth 1951

Fe-Si alloys

Fe-Ni alloys

Fe-Ni-Cr

Fe-Ni-Cu

Fe-Co-Ni
Other Fe-Ni alloys

Fe-Co alloys

Ferrites

Co and Co-Ni alloys

Ni and Ni based alloys

Other Fe binary alloys

Fe

Fe-Ni-Mo

Mn and alloys
Mn and alloys

Other

Other high permeability Fe 

alloys

B.D. Cullity, C.D. Graham, Introduction to Magnetic Materials, 2nd ed., Wiley (2009)

Introduction to Magnetic Materials 2009

Nanocrystalline materials

Other

Rare earths

AlNiCo

Amorphous materials
Fe-Co alloys

Fe-Si alloys

Fe

https://doi.org/10.48550/arXiv.1103.1069

https://doi.org/10.48550/arXiv.1103.1069
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1. Some general definitions

2. Types of magnetic behaviour

a. diamagnetism

b. paramagnetism

c. ferromagnetism

d. antiferromagnetism

e. [ferrimagnetism]

f. [spin glasses…]

3. Families and behaviour of magnetic and non-magnetic materials

a. materials for magnetic applications (with point 2.c)

b. non-magnetic materials (point 2.b and 2.d)

4. Phase transformations and their influence on magnetic behaviour (→28/11)

Magnetic properties of materials

2023-11-27
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Magnetic properties of materials

• Focused on temperature range of interest for magnet construction

• Focused on materials of technological interest

• Non-magnetic and structural materials and specific risks covered 
(examples issued from CERN and ITER applications)

• Applied and technological approach

• SI units used

2023-11-27
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Magnetic properties of materials, some definitions

• Flux density, magnetic induction B (T)

• Permeability  (Hm-1)

• Magnetic field strength H (Am-1)

B =  · H

• Magnetization M (Am-1)

B = 0 · (H+M)

• Permeability of free space 0 (Hm-1)

• Susceptibility κ (dimensionless) = M/H

2023-11-27
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Magnetic properties of materials, some definitions

• From above equations

•  = 0 · (1 + κ)

• Relative permeability defined as

• r =  / 0 = 1 + κ

• and frequently encountered in discussions of ferromagnetic
materials

• , r, κ are properties of materials

2023-11-27
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Magnetic properties of 
materials, some
definitions

SI units exclusively used

R.P. Reed,  A.F. Clark (1983)
2023-11-27
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Magnetic properties of materials, some general
definitions

• The basic natural unit for magnetism is the “Bohr magneton”

B = e  h / 4me = 9.27410-24 Am2

• Three sources of the magnetic force of a free atom (Kittel):

a. The spin with which electrons are endowed

b. Their orbital angular momentum about the nucleus

c. The change in orbital moment induced by an applied magnetic field

• a and b give paramagnetic contributions to the magnetisation

• c gives a diamagnetic contribution

2023-11-27
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Magnetic properties of 
materials
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Magnetic properties of materials
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Magnetic properties of materials

Types of magnetic behaviour, 
diamagnetism

Features:

1) Materials with a negative magnetic
susceptibility are called diamagnetics,

2) due to shielding currents giving a 
moment that opposes the applied field
and is proportional to it

3) it is constant, negative and small (κ10-6)

The response of an orbiting electron to a 
changing magnetic field is a precession 
of the orbit, i.e. the polar vector 
describing the orbit now moves in a 
circle around the magnetic field vector H

2023-11-27
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Magnetic properties of materials, diamagnetism

The minus sign arises from the fact that the effect of a 
changing magnetic fields will be opposing the cause 
in accordance with Lenz's law.

"Changing" magnetic fields, because there is no way to 
bring matter into a magnetic field without changing 
it - either be switching it on or by moving the 
material into the field.

Induced currents are of the type that persist even when
the field is no longer changing

Occurs in atoms and superconductors (perfect
diamagnetism for certain SC, κ = -1)

Even in a normal metal there is a diamagnetic
contribution from conduction electrons

R.P. Reed,  A.F. Clark (1983)
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Magnetic properties of materials, diamagnetism
R.P. Reed,  A.F. Clark (1983) • Copper representative of 

diamagnetic materials of 
technical importance

• T-dependent 
contributions are 
attributed to Fe 
impurities

• Most specimens show a 
significant decrease of 
their diamagnetism at 
low T 

• Less negative
susceptibility in the 
figure

• Contamination during
the wiredrawing process?
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Magnetic properties of materials, diamagnetism

• In most applications diamagnetism not a serious concern

• Susceptibility small

• Important for some sensitive measurements

2023-11-27
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Magnetic 
properties of 
materials, 
diamagnetism

"An interesting situation has been observed in 
orbital flights of SC magnets where 
diamagnetic liquid He is forced away from the 
high-field regions of the magnet, no doubt 
much to the consternation of the 
experimenters" (Fickett and Goldfarb, 1980) 

Material for magnets & measurements - I - S. Sgobba - EN-MME-MM
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Magnetic 
properties of 
materials, 
diamagnetism

2023-11-27
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Magnetic properties of materials, paramagnetism

• Due to unpaired electron spin moments in a material

• Atoms, molecules, lattice defects, possessing an odd number of electrons for 
which the total spin cannot be zero

• Metals

2023-11-27
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Magnetic properties of materials, 
paramagnetism

• Aligned in the direction of an applied magnetic field

• Result in an increased magnetization of the material

• Is generally linear with field, gives a positive susceptibility

R.P. Reed,  A.F. Clark (1983)

2023-11-27
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Magnetic properties of materials, 
paramagnetism

R.P. Reed,  A.F. Clark (1983)

Different types of 
temperature dependences:

1) Non-ferromagnetic
materials, small κ nearly T-
independent, 
(Pauli paramagnetism due 
to conduction electrons)

R.P. Reed,  A.F. Clark (1983)
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Magnetic properties of materials, 
paramagnetism

R.P. Reed,  A.F. Clark (1983)

SI reported values 
of κ  7.2·10-4 

at RT and κ 

12·10-4 for Pd 
(Nagasawa, 
1970)

2) Transition metals (unfilled inner shells), quite large κ, 
increases generally with decreasing T (Pd, Pt, see V.Y. Irkhin
and Y.P. Irkhin)

2023-11-27
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At low temperatures and 
high fields
magnetization may
approach saturation, 
thus κ becomes field
dependent

Kittel (1986) 3) Some metal ions, κ = 
C/T, strongly T-
dependent, C is a 
constant determined by 
the ionic density

Magnetic properties of materials, paramagnetism

2023-11-27
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Magnetic properties of materials, paramagnetism

• Same « Langevin type » paramagnetism for ferromagnetic and 
antiferromagnetic materials above a critical temperature

• This temperature is the one above which their spontaneous
magnetization breaks down

• This behaviour is expressed by the Curie-Weiss law, κ = C/(T-θ) 
(examples follow)

2023-11-27
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Magnetic properties of materials, 
ferromagnetism

Interaction of atomic
spin moments with each
other

Occurs in certain 
instances

To produce:
• Ferromagnetism

• Antiferromagnetism

• Ferrimagnetism

R.P. Reed,  A.F. Clark (1983)

Smithells Metals Ref. Books, 1967
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Magnetic properties of materials, ferromagnetism

Particular care with Ni-basis 
superalloys for non-magnetic
application at very low T! 

From ASM Handbook 

2023-11-27
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Magnetic properties of materials, ferromagnetism

o Large field dependent permeability

o Magnetisation often persists after application and removal of a 
magnetic field

• TC Fe = 1043 K

• TC Ni = 631 K

• TC Co = 1394 K

o Ferrous alloys of high interest for magnet applications

2023-11-27
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Magnetic properties of materials, ferromagnetism

Features

(Bozorth, 1951) 

initial permeability

max. permeability

decrease of 
permeabi-
lity 
toward 1hysteresis 

(Ewing)

residual induction,

retentivity H & B at the tip

of the loop

coercive force,

coercivity

(quality parameter)

2023-11-27
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tangent 
permeability at 
a given field

secant permeability 
at a given field

Magnetic 
properties of 
materials, 
ferromagnetism

2023-11-27 Material for magnets & measurements - I - S. Sgobba - EN-MME-MM
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Magnetic properties of materials, ferromagnetism

2023-11-27
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Magnetic properties of materials, ferromagnetism

• TC and saturation magnetization are insensitive to material 
structure

• All other properties are significantly affected by the physical and 
metallurgical state of the material:

cold working, subsequent annealing…

• Anisotropy effects (texture) can occur (rolled steel)

2023-11-27
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Magnetic 
properties of 
materials, 
irons and 
steels

220 µm316 µm500 µm

2023-11-27
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Magnetic 
properties of 
materials, 
irons and 
steels

1. High purity irons 730 °C

930 °C

700 °C to 900 °C

930 °C

T,

2023-11-27
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Magnetic properties of materials, ferromagnetism

Soft ferromagnets

• Easily magnetised and demagnetised (transformer cores, ferrite 
cores, shielding of magnetic fields)

• Usually metals
• Narrow hysteresis loops (low values of Hc)
• High permeabilities
• Low eddy-current loss from electric currents induced by flux changes
• High magnetic saturation inductions

2023-11-27
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Magnetic properties of materials, ferromagnetism

• C, S, N, O are deleterious to fm properties

• They distort the lattice and even in small 
amounts (ppm) may greatly interfere with easy 
movements of magnetic domains

• C in excess of 30 ppm in pure Fe cause excess
solute to precipitate in GB

Fiorillo, 2007

ASM Metals Handbook, 9th. ed
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Magnetic properties of materials, irons and steels

Iron referred to as "high purity" when total 
concentration of impurities (mainly C, N, O, P, S, 
Si and Al) does not exceed a few hundred ppm

Otherwise Low Carbon Steel or Non-alloyed Steel 

Very pure Fe  high electrical conductivity 
unsuitable for AC applications  
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Magnetic 
properties of 
materials, 
irons and 
steels

1. High purity irons
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Magnetic 
properties of 
materials, 
irons and 
steels

2023-11-27
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Magnetic 
properties of 
materials, 
irons and 
steels

Low C steels

F. Fiorillo, Measurement and 
Characterization of 
Magnetic Materials, 
Elsevier-Academic Press, 
Amsterdam (2004)

ASM Metals Handbook Ninth Edition, 
Vol. 3

2023-11-27



40Material for magnets & measurements - I - S. Sgobba - EN-MME-MM

Magnetic 
properties of 
materials, 
irons and 
steels

2023-11-27
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Magnetic 
properties of 
materials, 
irons and 
steels

2023-11-27
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Magnetic 
properties of 
materials, 
irons and 
steels

42
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Magnetic 
properties of 
materials, 
irons and 
steels

Fiorillo, 2004

Magnetic ageing

432023-11-27
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Magnetic 
properties of 
materials, 
irons and 
steels

... by final purification under pure hydrogen:

Fe + C + 2H2 = Fe + CH4

Oxygen, Sulfur, Nitrogen  H2O, H2S, NH3

442023-11-27
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Magnetic properties of materials, non-oriented 
electrical steels

• Pure Fe very soft but requires special handling

• Used extensively in dc applications

• Low electrical resistivity makes unsuitable for ac
circuits

 FeSi alloys

• Grain growth can be promoted

• Saturation induction reduced by all alloying
elements except Co

ASM Metals Handbook, 9th. ed

2023-11-27
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Magnetic 
properties of 
materials, 
non-oriented
electrical
steels

Fe-Si alloys accidentally discovered by 
Hadfield (1882), 1.5 % Si

Magnetic properties reported in 1900

Properties of earlier alloys (Hopkinson, 
1885) hindered by excessive C content

Industrial production in Germany since 1903 
(2 % to 2.5 % Si)

Commercial use in US 1905, England 1906

Fe-3.5%Si (industrial limit, brittleness)

462023-11-27
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Magnetic 
properties of 
materials, 
non-oriented
electrical
steels

47

Advantages:
• Increase in permeability

• Decrease in hysteresis loss

• Eddy current loss decrease due to higher resistivity (Al and Mn added as well)

• No ageing (due to Al  AlN)

2023-11-27
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Magnetic 
properties of 
materials, 
non-oriented
electrical
steels

48

Courtesy of ThyssenKrupp Steel AG

Courtesy of Andritz



Magnetic properties of materials, non-oriented electrical
steels

49

PS Booster magnets Task Force day, 14/06/2023
256 t of electrical 

steel

2023-11-27

A. Bartkowska & S. Sgobba
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Magnetic properties of 
materials, FeNi alloys

50

From Smithells, Metals HandbookFrom Bozorth, Ferromagnetism, 1951

1. Exploited range, 35 %Ni80 %

2. Stable  solid solution above 35 % Ni

3. Above 35 %,  easily retained

4. Ease in CR, down to 5 µm

5. Variety of properties with 
composition and treatment

Two broad classes

High Ni (79 %), high µ, low 
saturation (0.8 T)

Low Ni (50 %), lower µ, 
high saturation (1.6 T)

2023-11-27
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Invar behaviour

Strong (100)001
textureLongitudinal 

magnetic 
annealing at 
450 °C followed 
by slow cooling

F. Fiorillo, 2004 

Magnetic properties of 
materials, FeNi alloys

2023-11-27



Example, Mumetal for the the injection and extraction 
septa of the LHC
Require complex chambers to fulfill the stringent 
requirements imposed by vacuum, impedance, 
magnetic shielding.
Cu-electroplated mumetal vacuum chambers are 
chosen as a solution which will fit all these 
constraints.
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Magnetic properties of materials, FeNi alloys

2023-11-27
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Mumetal is an alloy of 
the Ni-Fe-Mo family

Typically applied for 
shielding the magnetic
fields

Inforce field lines of an 
external perturbing field
Hext through the magnetic
material

Weakens the Hint field

A.J. Mager, Magnetic Shields, 
IEEE Trans. on Magnetics, 
6 (1970) 67

Magnetic 
properties of 
materials, FeNi
alloys

2023-11-27
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Magnetic 
properties of 
materials, FeNi
alloys

2023-11-27
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Magnetic 
properties
of materials, 
Fe-Ni vs. Fe-
Co

Tc = 980 °C

Volume reduction

On-board high speed 
generators for 
spacecrafts and 
aircraftes

2023-11-27

Up to 1300 °C
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Magnetic properties of materials, permanent magnets

2023-11-27

Rare earths (hard magnetic)

Permanent magnet materials:

→ Materials of high coercivity

"Ideal" return curve of a permanent 
magnet (Cullity and Graham, ibid) 

F. Fiorillo, 
ibid. 

B.D. Cullity, C.D. Graham, 
Introduction to Magnetic 
Materials, 2nd ed., Wiley 
(2009)

Soft

Hard
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Magnetic 
properties
of materials, 
permanent 
magnets

2023-11-27

(BH)max parameter of merit

→ attained at Br/2 

F. Fiorillo, Characterization and 
Measurement of Magnetic 
Materials, Elsevier, 2004 
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W. Rodewald, Rare-earth Transition-metal 
Magnets, in: Handbook of Magnetism and 
Advanced Magnetic Materials, vol. 4, Wiley 
(2007)

Rare Earth (RE) alloys:

Ce the most abundant, but limited 
use

Technological families:

➢ SmCo5

➢ "Sm2Co17"

➢ "NdFeB"

Magnetic 
properties
of materials, 
permanent 
magnets
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Magnetic 
properties
of materials, 
permanent 
magnets

Jim Clarke et al., "The Application of Variable 
Strength Permanent Magnet Dipoles and 
Quadrupoles”, CLIC Workshop 2016, CERN 
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Magnetic properties of 
materials, antiferromagnetism
Antiparallel arrangement of magnetic moments

Zero net magnetic moment for the material

Cr, Mn and "non magnetic" steels are 
antiferromagnetic

Exists below a critical temperature (Néel or 
antiferromagnetic transition temperature Taf)

R.P. Reed,  A.F. Clark (1983)
2023-11-27
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Kittel (1986)

Magnetic properties of 
materials, antiferromagnetism

2023-11-27
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Magnetic properties of materials, antiferromagnetism

• Neutrons are 
sensitive to the 
magnetic moment of 
electrons (interaction 
of their magnetic
moments)

• X-rays are not

• Several other
physical properties
have discontinuities
at Taf

R.P. Reed,  A.F. Clark (1983)

2023-11-27
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Compared magnetic susceptibility of different  austenitic SS

and their laser weldments
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304L

UNS21904

UNS21904 - laser welded (Butting)

P 506 - base metal

P 506 - laser welded Ar/He

P 506 - laser welded N2/He

S. Sgobba, G. Hochörtler, A New Non-Magnetic Stainless Steel for Very Low Temperature Applications, 
Proceedings of the International Congress Stainless Steel 1999: Science and Market, Chia Laguna (I), 6-9 
June 1999, Vol. 2, p. 391-401

Magnetic properties of materials, antiferromagnetism

2023-11-27
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Magnetic properties of materials, summary

R.P. Reed,  A.F. Clark (1983)

2023-11-27 64
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Spare slides

2023-11-27
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Magnetic properties of materials, ferromagnetism

B.D. Cullity, C.D. Graham, Introduction to Magnetic 
Materials, 2nd ed., Wiley (2009)

o Systematic measurements
reported by P. Curie in 1895 

o Susceptibility for paramagnets 
p = C/T (Curie law)

o Langevin, 1910, theory of 
paramagnetism, foundation of 
Curie law

o Many paramagnets obey Curie-
Weiss law   = C/(T-Tc)

 1) Tc connected to the 
"mean" or "molecular
field constant"

 2) Theory is consistent 
with existence of 
spontaneous
magnetisation at Tc 

and below

o Weiss (J. Phys. 6 (1907) 66) postulated 
interaction of elementary moments (
molecular field)

o Fictitious internal field postulated

o He =  M (, molecular field constant)

o Total magn. M = p(Ha+He) = C/T (Ha+ M)

o  = M/Ha = C/(T-C), Tc = C
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Magnetic properties of materials, ferromagnetism

As a rule of thumb:

In general b.c.c. ferrous phases are ferromagnetic, 
f.c.c. are not

Phases, not alloys (see austenitic stainless steels)!

2023-11-27
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Magnetic 
properties of 
materials, 
irons and 
steels

Properties affected by the T and t of 
annealing, and by cooling rate

Latter especially critical in the 900 °C 
to 800 °C range due to 
transformation

If T, is exceeded, cooling rate slow, 
approx. 5 °C/min

Higher max. µ is obtained by 
exceeding T, than by not allowing
the material to transform to  at all

Hence, for high µmax an anneal at 925-
1000 °C with cooling  5 °C/min 
recommended

For high permeability at B  1.2 T, 
advisable to anneal at max 800 °C and 
to cool slowly (Armco steel Co., 1943)

2023-11-27
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"Directional-order" theory (Néel, Taniguchi 
and Yamamoto, Chikazumi and 
Oomura)

Any solid solution which is not completely 
ordered contains some pairs of 
nearest neighbor like atoms

At T Tc, but high enough for diffusion to 
occur, like-atom pairs tend to be 
aligned in the direction of the local 
magnetization. 

When the temperature drops so low that 
diffusion can no longer occur at an 
appreciable rate, the like-atom pairs 
are frozen in place, and produce a 
uniaxial anisotropy in the material.

Gordon and Sery, IEEE Trans. Nuclear 
Science, vol. NS-I 1, pp. 105-110 
(1964)
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Fe single crystals exhibit

1. minimum coercivity

2. maximum permeability

when magnetized along one of the 001 axes

"Goss" (1934-37) texture (110)001

Courtesy of A+K Steel
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RD, 10 mm

F. Fiorillo, Characterization and Measurement 
of Magnetic Materials, Elsevier, 2004 A.J. Moses, in: Handbook of Magn. and 

Adv. Magn. Mat., Wiley, 2007

Texture + large grain size + low impurity content 

1. coercive fields as low as 4-10 A/m

2. maximum permeability around 5 x 104

in GO alloys (10 x NGO)

1. Conventional GO (7° dispersion) – 80 % of the market – 1 M ton/y, 1500 M EUR/y 

2. High permeability GO (3° dispersion) 

of the 001 axes around RD

2023-11-27


