
General and torque 
magnetometry

Brno 2019

Vittorio Basso, 
INRIM, 
Strada delle Cacce 91, Torino, Italy

V. Basso, Lecture 16 Magnetometry, Brno 2019       1

Measurement of magnetic materials and magnetic fields
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Maxwell equations

Gaussʼs law (1835)

Ampère's law (1826)

+ Maxwell (1861)

dρ

dt
+∇ ·

�j = 0

absence of magnetic charges

Faraday's law (1831)

conservation of the charge

∇ ·E =
ρ

�0
∇ ·B = 0

∇×E = −
∂B

∂t

∇×B = µ0j + µ0�0
∂E

∂t

where �0 = 1/(c2µ0) = 8.85 · 10−12 F/m
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Maxwell equations

Gaussʼs law (1835)

Ampère's law (1826)

+ Maxwell (1861)

where �0 = 1/(c2µ0) = 8.85 · 10−12 F/m

d µ0 = 4π · 10−7 H/m.

dρ

dt
+∇ ·

�j = 0

absence of magnetic charges

Faraday's law (1831)

conservation of the charge

µ0 = 4π[1 + 2.0(2.3)× 10−10]× 10−7H/m

new SI: 20 May 2019

old SI before 20 May 2019

∇ ·E =
ρ

�0
∇ ·B = 0

∇×E = −
∂B

∂t

∇×B = µ0j + µ0�0
∂E

∂t
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Maxwell equations in matter

constitutive relations

∇ ·D = ρ

∇ ·B = 0

∇×E = −
∂B

∂t

∇×H = j +
∂D

∂t

D = �0E + P

P (E)

B = µ0H + µ0M

J = µ0MM(H)

F (r) =
1

∆V

�
∆V

Fmicrod
3
r

all quantities are “local averages”
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du = µ0H · dM +E · dP



constitutive relations

M(H)
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Magnetostatic field
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�

∇ ·H = −∇ ·M

∇×H = j

�

magnetostatic approximation



Magnetostatic field

magnetic scalar potential

Poisson equation

solution

�

∇×

�

∇ ·HM = −∇ ·M

∇×HM = 0

ge ρM = −∇ ·M .

the electrostatic

HM = −∇φM

∇
2φM = −ρM

φM = −
1

4π

�
V

∇ ·M(r�)

|r − r�|
d
3
r
� +

1

4π

�
Σ

n ·M(r�)

|r − r�|
d
2
r
�
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Demagnetizing field

with uniform magnetization

the magnetostatic field

 is uniform inside the body for ellipsoids

φM =
1

4π
M ·

�
Σ

n

|r − r�|
d
2
r
�

φM = −
1

4π

�
V

∇ ·M(r�)

|r − r�|
d
3
r
� +

1

4π

�
Σ

n ·M(r�)

|r − r�|
d
2
r
�

HM = −∇φM

HM = −NM
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Demagnetizing factor
Demagnetizing coefficient

µ0H = −NdJ

gar) r = c/a
c

a

c

a

prolate

oblate

Ndc
=

1

r2 − 1

�

r
√

r2 − 1
ln

�

r +

�

r2 − 1

�

− 1

�

Ndc
=

1

1 − r2

�

1 −

r
√

1 − r2
arcsin

�

�

1 − r2
�

�

prolate

oblate

s Na + Nb + Nc = 1.
gar) = 1 we ha

sphere

1/3
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Demagnetizing field

H'

H'

H'

shapes with no or small 
demagnetizing effects

B

P

B

m
0
H

m
0
M

P

H
P

M

P

non ellipsoidal shapes...
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• Solenoids, Helmholtz coils, 

• electromagnets, 

• with permanent magnets,

• large magnetic fields with currents

Generation of magnetic fields
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Generation of magnetic fields

current loop

Hz =
a
2
I

2(a2 + z2)3/2

m = πa2I

Biot-Savart law

a z

B.D. Cullity, Introduction to magnetic materials, 2nd editions, IEEE Press, Wiley, 2009
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�
| − |
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I

4π

�
dl(r�)× (r − r

�)

|r − r�|3
d
3
r
�



Generation of magnetic fields
Helmholtz coil

114 CHAPTER 4 Magnetic Field Sources 
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FIGURE 4.4 A couple of filamentary coils coinciding with parallel circles belong- 

ing to a sphere of radius r centered in O generate in the whole region occupied by 

the sphere a field that can be expressed in terms of the successive derivatives of the 

axial field at the origin (Eqs. (4.13) and (4.14)). The axial field Hx(x, 0) in this central 

region is given, as a function of the coil coordinates, by the series development  

(4.17). The field lines are shown in the (x,z) plane for the Helmholtz coil 

configuration, where the distance between the loops is equal to their radius. 

coils, as given by Eq. (4.4). It turns out 

Hx(x,O)__4Nia2 [ 1 1 ] ( 4 . 1 9 )  
(4a 2 4- (2x 4- a)2) 3/2 4- (4a 2 4- (2x - a)2) 3/2 

which, in agreement with Eq. (4.17), at the origin reduces to 

N/ 
Hx(0, 0) = 0.7155 ~ .  (4.20) 

a 

< 8 kA/m

114 CHAPTER 4 Magnetic Field Sources 

( a )  

a 

, / //,::-'.~:--~i ...... :~\\.~\ \ \ I ' / ' / "  ...... " . . . . . . . . .  " . . . . .  "'" ~ 

~ ', ,  " ~ ' ' '.'." ~ ) :  , I  I /  I I I \ \ \,\, ~,:...:~~.: f.-.,::~:..~ .... . . . . .  
'Z  \ ", .','-",.L-'-~. :-T.:. :..- : _  ~ ~ i ;  ' V  . . . . . .  .~ 

/ "  ..- . ,. a ~--J-.-:~..-~..-:-:-:.-~,:.,,,....,,, , 

, , , , \ , , ' ~ ~ - ~ ~ C C / / ~ / / / )  1 

k \\~%-:~:=-==;::v:~./// I 
\ \ \ \ T L ~  Z . . . . . . . . . . . . .  L . ~_ . , ~ / , ,  , ] 

(b) 

x" 

FIGURE 4.4 A couple of filamentary coils coinciding with parallel circles belong- 

ing to a sphere of radius r centered in O generate in the whole region occupied by 

the sphere a field that can be expressed in terms of the successive derivatives of the 

axial field at the origin (Eqs. (4.13) and (4.14)). The axial field Hx(x, 0) in this central 

region is given, as a function of the coil coordinates, by the series development  

(4.17). The field lines are shown in the (x,z) plane for the Helmholtz coil 

configuration, where the distance between the loops is equal to their radius. 

coils, as given by Eq. (4.4). It turns out 

Hx(x,O)__4Nia2 [ 1 1 ] ( 4 . 1 9 )  
(4a 2 4- (2x 4- a)2) 3/2 4- (4a 2 4- (2x - a)2) 3/2 

which, in agreement with Eq. (4.17), at the origin reduces to 

N/ 
Hx(0, 0) = 0.7155 ~ .  (4.20) 

a 

114 CHAPTER 4 Magnetic Field Sources 

( a )  

a 

, / //,::-'.~:--~i ...... :~\\.~\ \ \ I ' / ' / "  ...... " . . . . . . . . .  " . . . . .  "'" ~ 

~ ', ,  " ~ ' ' '.'." ~ ) :  , I  I /  I I I \ \ \,\, ~,:...:~~.: f.-.,::~:..~ .... . . . . .  
'Z  \ ", .','-",.L-'-~. :-T.:. :..- : _  ~ ~ i ;  ' V  . . . . . .  .~ 

/ "  ..- . ,. a ~--J-.-:~..-~..-:-:-:.-~,:.,,,....,,, , 

, , , , \ , , ' ~ ~ - ~ ~ C C / / ~ / / / )  1 
k \\~%-:~:=-==;::v:~./// I 
\ \ \ \ T L ~  Z . . . . . . . . . . . . .  L . ~_ . , ~ / , ,  , ] 

(b) 

x" 

FIGURE 4.4 A couple of filamentary coils coinciding with parallel circles belong- 

ing to a sphere of radius r centered in O generate in the whole region occupied by 

the sphere a field that can be expressed in terms of the successive derivatives of the 

axial field at the origin (Eqs. (4.13) and (4.14)). The axial field Hx(x, 0) in this central 

region is given, as a function of the coil coordinates, by the series development  

(4.17). The field lines are shown in the (x,z) plane for the Helmholtz coil 

configuration, where the distance between the loops is equal to their radius. 

coils, as given by Eq. (4.4). It turns out 

Hx(x,O)__4Nia2 [ 1 1 ] ( 4 . 1 9 )  
(4a 2 4- (2x 4- a)2) 3/2 4- (4a 2 4- (2x - a)2) 3/2 

which, in agreement with Eq. (4.17), at the origin reduces to 

N/ 
Hx(0, 0) = 0.7155 ~ .  (4.20) 

a 

4.3 AC AND PULSED FIELD SOURCES 123 

~' " ~ i  I~i -i 

FIGURE 4.8 Helmholtz coil used as a standard field source in the range 
200 A/m-< H-< 2.8 X 10 4 A/m. The coil constant kH is determined, via NMR 
measurement, with expanded relative uncertainty U/kH = 8 X 10 -s. The coil is 
placed inside a large triaxial Helmholtz setup supplied by three independent 
current sources, providing active cancellation of the external fields. 

the radial dependence of the axial field Hx(xo, z) predicted for the same 

winding by means of a numerical technique, exhibits an increase in the 

radial direction around z -  0, as it was anticipated in analyzing the 

structure of the series development of Eq. (4.15). The case represented 

here is that of a pair used at IEN Galileo Ferraris for calibration purposes 

(see Fig. 4.8). It has the following dimensions: inner radius R1 = 90 mm, 

h - 5 3 m m ,  w = 5 0 m m ,  d - - a - 1 1 7 m m ,  wire diameter l m m .  It 

provides, with a current i--- 1.6 A, a sufficiently high field at the origin 

to be measured by means of an NMR magnetometer (H20 probe). One 

can see that, within the + 0.5% uncertainty in the position of the coils, 

the relative field variation over a region of the dimensions of the probe 

(---5 mm), is at most 10 -4, small enough to ensure a narrow absorption 

line and locking of the oscillator. 

4.3 AC A N D  PULSED FIELD SOURCES 

Soft magnetic materials are ubiquitously employed in AC apparatus and 

generally need to be characterized under  defined AC exciting conditions. 

The generation of time varying fields does not present special conceptual 

difficulties and the methods illustrated in Sections 4.1.1-4.1.3 still apply. 

www.laboratorio.elettrofisico.com

www.inrim.it
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4.1 FILAMENTARY COILS 109 
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FIGURE 4.2 Model thin solenoid of length L and diameter of the circular cross- 
section D. The behavior of the reduced axial field H/Ho, with H0 = noi, is shown as 
a function of the reduced distance from the center x/L. The dashed line is the 
calculated dependence of the same quantity when the ends of the solenoid are 
overwound, in order to compensate for the second order term in the H(x/L) power 

series expansion around x/L = O. 

For a s t raight  solenoid of finite length L and  circular cross-section of 

d iamete r  D = 2a (see Fig. 4.2), the axial field is easily calculated start ing 

f rom Eq. (4.4). A ring slice of infinitesimal w i d t h  dx located at a distance 

xl f rom the center of the solenoid provides  on a point  on the axis of 

coordinate  x the contr ibut ion 

noi a 2 
d H x ( X l ) -  2 (a 2 q-(x 1 -- x)2)3/2 dxl '  (4.8) 

Generation of magnetic fields
thin, long solenoid

H ¼ C1

ni

L

Lþ 2x

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D2 þ (Lþ 2x)2
p þ

L# 2x

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D2 þ (L# 2x)2
p

" #

, (

< 80 kA/m

B.D. Cullity, Introduction to magnetic materials, 2nd editions, IEEE Press, Wiley, 2009

 regolazione “fine”, del flusso in aria. 
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Electromagnets

Generation of magnetic fields

Hg =
N I

lg +
Sg

Sm

µ0

µm

lm

< 2.5 - 3.0 T

www.laboratorio.elettrofisico.com
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m

with permanent magnets: the Halbach’s cylinder

Point dipole Line dipole

Hr =
m

4π

2 cos θ

r3

Hθ =
m

4π

sin θ

r3

Hr =
m

2πd

cos θ

r2

Hθ =
m

2πd

sin θ

r2

< 2 T

Generation of magnetic fields
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H

m
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Bitter’s coils

Copper 
 plate

Insulator

Cooling 
 water Current

Generation of magnetic fields

A little frog (alive !) and a water ball 
levitate inside a Ø32mm vertical bore 
of a Bitter solenoid in a magnetic field 
of about 16 Tesla at the Nijmegen High 

Field Magnet Laboratory.

< 20 - 30 T

www.ru.nl/hfml
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126 CHAPTER 4 Magnetic Field Sources 

(a) 

vo 
m m  

/ 

. i(t) 
A 

L 

1 

(b) 

4000,1 ~ . . ~  S 2 closed 

 ooo1!//V  ooOOV 
-4000 L = 0.98mH 

0 10 20 30 
Time (ms) 

FIGURE 4.10 Pulsed field generated by discharge of a capacitor bank through 
a solenoid of inductance L. With the shown values of R, L, and C (R2C/4L = 
2 • 10 -3) the condition is obtained for the occurrence of an oscillating damped 
discharge, with time constant ~'0 = 2L/R (switch $2 open). If $2 is closed, the diode 
prevents the capacitor from charging with reversed polarity and the current 
decays from its maximum value with time constant rl = L/R. 

t ransient  is described by the equat ion 

L 02i(t) Oi(t) 1 i(t) = 0 (4.35) 
Ot 2 + R  O - - ~ - C  

which  has a general  solut ion of the type 

i(t) = A~ exp(ml t) + A2 exp(m2t), (4.36) 

Current pulse
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t ransient  is described by the equat ion 

L 02i(t) Oi(t) 1 i(t) = 0 (4.35) 
Ot 2 + R  O - - ~ - C  

which  has a general  solut ion of the type 

i(t) = A~ exp(ml t) + A2 exp(m2t), (4.36) 

< 100 T

typical 7 T in labs

Generation of magnetic fields
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• standard coils

• H-coils

• Hall effect

• flux gate

• nuclear magnetic resonance 

Measurement of magnetic fields
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Standard coil
zza estesa relativa U(kH)/kH = 8©10 .  

  Fot©

  Fot

i figura 1 rappresenta il profilo del campo

©

  Fi

Nota: Le bobine di Helmholtz SMH-002 e SMH-003 sono collocate nel la
  Fot

 

‒

Measurement of magnetic fields
B = k I

SMH-002

SMH-003

20 ppm/cm

2 ppm/cm
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166 CHAPTER 5 Measurement of Magnetic Fields 

the calculation of the field based on a current measurement  imprecise or 

when  it is desired to know to what  extent an impressed magnetomotive 

force distributes among various portions of a magnetic circuit. A simple 

way to meet this demand is by use of a Chattock coil (magnetic 

potentiometer) [5.11]. It is based on the property that any closed path 

integral of the magnetic field not containing current sources is zero. In its 

common form, a magnetic potentiometer consists in a long mult i turn coil 

uniformly wound  on a non-magnetic insulating former and bent in such a 

way  that its endfaces are placed in close contact with a plane. Figure 5.3a 

illustrates the representative case of a Chattock coil placed on a magnetic 

lamination, by which one can make a determination of the effective field 

inside the sheet. Let us consider the two integration paths (dashed lines) 

connecting points 1 and 2 on the lamination surface and let us calculate 

the flux enclosed by the bent coil. We assume that the field at the surface 

(a) 

z , L '  '~ 

(b) 

T 
z Ha 

X k  

. . . .  L ' '  'H ' ' r - "  

FIGURE 5.3 A Chattock coil is linked with a flux proportional to the difference of 
the magnetic potential between its ends. When it is placed over a magnetized sheet 
and its end surfaces are at a distance L, it provides the quantity V(L)  - ~L Hs.dx, 
with Hs the effective field at the sheet surface. This quantity can equally be 
measured by means of a uniformly wound fiat coil. 

Measurement of magnetic fields

H coils

5.1 FLUXMETRIC METHODS 161 

and e is the electronic charge. Flux densities lower than 10-12 T can be 

measured  with SQUID magnetometers .  

5.1 FLUXMETRIC M E T H O D S  

5.1.1 Magnet i c  flux detect ion  

A fiat coil, of area A and number  of turns N placed in a region where  a 

magnetic  flux densi ty B --/~0 H is present,  is linked with a flux 

= N f /z0H.n dA, (5.1) 
d A 

where  n is the unit  vector normal  to the e lementary area dA. If  9 is time- 

dependent ,  either due to a time variation of B or some mechanical  action 

on the winding,  an electromotive force (e.m.f.) 

d ~  
e = -  d-T (5.2) 

is generated. The flux variation taking place between two instants of time 

tl and t2 is therefore obtained by integrating the e.m.f. 

q~(t2) - q~(tl) = - e dt. (5.3) 
tl 

Suppose that the coil, initially immersed  in a homogeneous  field H 

making  an angle a with its axis (see Fig. 5.1), is brought  to some distant 

f ield-immune position and the resulting e.m.f, is integrated over the 

pertaining time interval according to Eq. (5.3). The field strength is 

obtained as 

t2 e dt 

H = - t l   9 (5.4) 
p, oNA cos a 

A number  of variants to the coil removal  method  can be devised. If, for 

instance, it is not convenient or possible to displace the coil to a zero field 

region, it can be flipped over by 180 ~ or even rotated at constant angular  

speed to a round its axis on the plane (generator fashion). In the latter case, 

an output  sinusoidal voltage 

e(t) = oOlxoNAH sin ~ot (5.5) 

is observed and the integration becomes unnecessary to find H. Non- 

uniformity of the flux density is signaled by the distortion of the e(t) 
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tl 
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making  an angle a with its axis (see Fig. 5.1), is brought  to some distant 

f ield-immune position and the resulting e.m.f, is integrated over the 

pertaining time interval according to Eq. (5.3). The field strength is 

obtained as 

t2 e dt 

H = - t l   9 (5.4) 
p, oNA cos a 

A number  of variants to the coil removal  method  can be devised. If, for 

instance, it is not convenient or possible to displace the coil to a zero field 

region, it can be flipped over by 180 ~ or even rotated at constant angular  

speed to a round its axis on the plane (generator fashion). In the latter case, 

an output  sinusoidal voltage 

e(t) = oOlxoNAH sin ~ot (5.5) 

is observed and the integration becomes unnecessary to find H. Non- 

uniformity of the flux density is signaled by the distortion of the e(t) 

10-7 - 50 T

depends on frequency
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Measurement of magnetic fields

Two-core fluxgate sensor (Vacquier type).

The two identical cores are subjected to the same DC field but the driving AC excitation is in opposite 

directions. This implies that the in voltage Vout detected by a secondary winding the odd order harmonics 

are subtracted and compensated while the even order harmonics sum up.

Fluxgate

down to 10-9 T
7X7X4 cm

http://sci.esa.int/
MAG: The Fluxgate Magnetometer of Venus Express
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176 CHAPTER 5 Measurement of Magnetic Fields 

on a coil we can, in general, make an absolute determination of the field, 

traceable to the base SI unit standards [5.22]. However, we can exploit the 

Lorentz force in subtler ways by considering the effect of magnetic fields 

on the transport properties of metals and semiconductors. The deflecting 

action of the magnetic field on the steady course followed by the carriers 

is the source of two basic effects on the electrical conductivity: generation 

of Hall voltage and apparent  increase of resistance (magnetoresistance). It 

is expedient, in discussing these effects, to consider the practical case of a 

conducting rectangular plate, where, as illustrated in Fig. 5.9, the 

circulating current ix flows along the major side and the magnetic field 

Bz is directed normal to the plate surface. In a metal, the current ix is 

generated by the drift of the free electrons under  the action of the applied 

electrical field Ex. The force applied by Ex on each electron of wavevector 

k is Fx = - e E x  = h d k / d t  (with e the elementary charge) and is balanced, 

under  stationary conditions, by the frictional force provided by the 

scattering centers. At steady state, the Fermi sphere in the k-space is 

shifted in the kx direction, reflecting the existence of a drift velocity Vx, and 

all the wave vectors are augmented by the quantity 8kx = G'r/h,, where ~" 

is the time of flight between scattering events. By denoting with m e the 

electron mass, we can write the momentum increment as ttSkx - meV x and 

Tz y G 

o 

FIGURE 5.9 Principle of Hall voltage generation in a conducting plate. The free 
electrons and the holes, drifting at the velocity Vx, are subjected to the Lorentz 
force by the magnetic field Bz, thereby tending to move on one side of the plate. 
The cumulating charge gives rise to the transverse field EH, eventually balancing 
the Lorentz force at steady state. In this example the electrons are the majority 
carriers. The deflection of the charges from the direction of the current ix is 
additionally responsible for an increase of the apparent resistance Rx = Vx/ix 

(magnetoresistance effect). 

Measurement of magnetic fields

Hall effect gaussmeters

10-6 - 50 T
static, 0.1% accuracy
need appropriate temperature compensation

www.brockhaus.com
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levels, separated by the energy gap 

AE = 2gtzNIlzoH o = h?/z0H 0, (5.64) 

where the g factor is g = 5.586 and ? is the nuclear gyromagnetic ratio 

(see Fig. 5.32a). For the bare proton it is ~/= 2.6752221 x 108 T -1 s -1 

(see Appendix B). The spin populations N~- and N O in the two levels are, 

at temperature T, in the ratio No~N- ~ = e x p ( - h E / k T ) ,  with k the 

Boltzmann constant, and the system correspondingly exhibits a net 

magnetization along the field direction M0 = XoHo  9 At room tempera- 

ture, the proton susceptibility X0 is about 4 x 10 -9 and is overcome by 

electronic diamagnetism and paramagnetism, if this is present. The 

establishment of the equilibrium magnetization after application of 

H0 requires a time T1, called the "spin-latt ice relaxation time" or 

"longitudinal relaxation time" (since it applies to the conventionally 

defined longitudinal magnetization component Mz). In other words, the 

steady-state population difference n o between up and down spins is 

attained according to an exponential rise to equilibrium 

n = n0(1 - exp(-t /T1)) .  (5.65) 

T 1 is related to the microscopic interaction mechanisms of the spins with 

the lattice of the solid or liquid of which they make part. It is dependent  on 

temperature and can vary between very wide limits. In pure water at 

room temperature, it is T 1 --- 3.5 s, while in ice at 80 K it becomes T 1 --- 

104 s. T1 can be strongly reduced by even minute concentrations of 

I =  1/2 

(a) 

m i = -1 /2  

= hT#o H o 

I Ho mi= 1/2 

TZ 

I "  

% = raoG[ 
(b) 

FIGURE 5.32 (a) Energy level splitting of the nuclear magnetic moment I = 1/2 in 
a proton subjected to an external field H0. Notice that the proton magnetic and 
angular moments point in the same direction. (b) Precession of the magnetization 
vector Mo around the direction of H0 (weak rotating radiofrequency field H1L). 

Measurement of magnetic fields

magnetic resonance

µi γi/(2π)
×10−26Am2 (MHz/T)

electron (1e) -928.476 4620(57) 28 024.951 64(17)
nuclear magneton 0.5050 783 699(31)

proton (1p) 1.410 606 7873(97) 42.577 478 92(29)
shielded proton (1p) 1.410 570 547(18) 42.576 385 07(53)

neutron (1n) -0.966 236 50(23) 29.164 6933(69)
deuteron (1p,1n) 0.433 073 5040(36)
trition (1p,2n) 1.504 609 503(12)
helion (2p,1n) -1.074 617 522(14)

shielded helion (2p,1n) -1.074 553 080(14) 32.434 099 66(43)
muon -4.490 448 26(10)

µi = γiIi

Element µi/µN Ii/� γi/(2π) abundance
(MHz/T) %

1H (1p) 2.793 1/2 42.577 99.98
2H (1p,1n) 0.857 1 6.532 0.02
3He (2p,1n) -2.127 1/2 -32.434 0.000137
7Li (3p,4n) 3.256 3/2 16.546 92.60
13C (6p,7n) -0.702 1/2 -10.702 1.11
14N (7p,7n) 0.404 1 3.079 99.63
19F (9p,10n) 2.629 1/2 40.079 100.00

23Na (11p,12n) 2.217 3/2 11.266 100.00
31P (15p,16n) 1.132 1/2 17.257 100.00
39K (19p,20n) 0.392 3/2 1.992 93.10
57Fe (26p,31n) -0.090 1/2 -1.378 2.19
133Cs (55p,78n) 5.615 7/2 12.229 100.00
209Bi (83p,126n) 4.080 9/2 6.911 100.00
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Measurement of magnetic fields

NMR
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frequently applied in the precise measurement of DC or low-frequency 

(e.g. with slew rate around 1%/s or lower) magnetic fields. NMR 

magnetometers are the most widely used kind of resonance-based 

magnetometers and many commercial setups are nowadays available. 

The conventional water-probe devices are normally limited to fields 

higher than about 50 mT. To cover lower field strengths, several solutions 

exist: free-induction decay, flowing water NMR, optical pumping, 

electron spin resonance (ESR), and Overhauser effect. They' will all 

shortly be illustrated in the following. Quantum effects are also directly 

exploited in the superconducting quantum interference devices 

(SQUIDs), by which the highest possible measuring sensitivity, that of 

the flux quantum ~0 = h/2e = 2.07 x 10 -15 Wb, where h is the Planck's 

constant and e is the electron charge, can be reached. ~0 approximately 

corresponds to the flux of the earth field linked to a loop of 7 ~m diameter. 

A SQUID magnetometer can be viewed as a quantum flux counter, 

providing results in terms of fundamental physical constants. 

5.4.1 Physical principles of NMR 

Nuclei are endowed with spin and, being the seat of a magnetic moment, 

they can display a paramagnetic susceptibility. The nuclear magnetic 

moments are, however, much smaller than atomic moments. The nuclear 

magneton of hydrogen is, for example, 

eh 
/~N -- 2mp (5.63) 

where h = h/2~r./-~N is smaller than the Bohr magneton by a factor 1836, 

equal to the ratio between the electron and proton masses and the 

nuclear paramagnetic susceptibility, as provided by the Langevin 

function, is correspondingly affected. For all its smallness, the nuclear 

magnetism can be revealed and exploited, either as a tool for investi- 

gating the structure of the matter and of living organisms or for the 

accurate measurement of an external field, if the ensemble of nuclear 

spins is brought to its natural resonance frequency (the Larmor 

frequency), taking advantage of the ensuing selective absorption of 

energy. The essential features of NMR can be grasped by considering the 

two-level system description of an ensemble of nuclear moments with 

quantum number I = 1/2 in thermal equilibrium under an external field 

H0. Because of the interaction of the magnetic moments with the field, 

the spins distribute, according to Boltzmann statistics, between the two 
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levels, separated by the energy gap 
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Boltzmann constant, and the system correspondingly exhibits a net 
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FIGURE 5.33 Normalized absorption ~! and dispersion ~ susceptibility com- 
ponents, obtained by dividing Eqs. (5.77) by the quantity (Xo/2)~oT2, as a function 
of (oJ 0 -co)T2.~0 is the resonance frequency, X0 is the nuclear paramagnetic 
susceptibility, and T2 is the transverse relaxation time. The absorbed power is, 
according to Eq. (5.80), proportional to ~/I. 

magnetization m or the maximum value of the absorbed energy per unit 

volume E(~o) = ;ff P(~o). We have 

E(oJ0) = 2 ,rlzo Xo oo T2 H2 . (5.81) 

Once the resonance frequency to0 = h/AE is measured, an operation that can 

be done with great accuracy, the field strength B0 =/z0H0 is obtained, 

according to Eq. (5.64), as 

B0 = Wo. (5.82) 
Y 

The measurement of the magnetic field is then reduced to the 

measurement of the resonant frequency. NMR thus provides a means for 

the absolute determination of a magnetic field with the highest accuracy. If 

we use pure water probes, the value of the proton gyromagnetic ratio 

appearing in Eq. (5.82) is slightly different from the value given above for 

the bare proton because there is a small diamagnetic shielding effect by the 

enveloping electron cloud and the effective field acting on the nuclei is 

slightly smaller than the external field. One talks of a "shielded proton 

gyromagnetic ratio", whose recommended value is (for a spherical container) 

50 mT - 14 T

commercial setups

100 / 1000 ppm/cm
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Outline

Source: F. Fiorillo, Measurement and characterization of magnetic materials, Elsevier, 2004.

• Introduction: Maxwell equations

• Generation and measurement of magnetic fields

• Measurement of soft and hard magnetic materials
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Measurement of magnetic materials

Soft magnets

Hard magnets

Recording 

materials 
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g-Fe2O3
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hard disks

i - Fe2O3

Magnet market

Soft ferrites

magnetism, magnetic materials and measurements                               lecture 8
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Hysteresis loop

(Hp, Mp)M 

Hc

Mr

H

constitutive relation

M(H)
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Hysteresis loop

du = µ0HdM - Tdis

HH

J  J  

H

J  

+
- +

energy losses

M M

M
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Domain wall motion

slab
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Domain wall motion

for a single domain wall

G=0.1356 slab
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G. Bertotti, Hysteresis in Magnetism. Academic Press, (1998) Hellmiss and Storm, IEEE Trans. Magn. 10 (1974) 

picture-frame single crystal

10 mm



of picture frame

Domain wall motion
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branching and metastability

Hysteresis loop
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FIGURE 1.7 Examples of hysteresis loops in soft and hard magnets. In the soft 
Fe-Si laminations, there is no detectable difference between the B(H) and J(H) 
curves for magnetizations and fields of technical interest. The difference is instead 
apparent in permanent magnets. It leads to two different definitions of coercive 
field: HcB is the field required to bring the induction to zero value starting from 
the saturated state and Hcj is required to reduce to zero the polarization J (i.e. 

magnetization M). It is always Hcl > HcB (courtesy of E. Patroi). 
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800 kA/m  => 1Tμ0H (T)
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6.1 CLOSED MAGNETIC CIRCUITS 283 

a complete tensorial M(H) relationship can be provided. If we 

concentrate, for the time being, on the typical case of scalar magnetic 

susceptibility materials, we can consider some basic ways to realize open 

and closed magnetic circuits suitable to meaningful M(H) determination. 

The intuitive approach to the closed magnetic circuit calls for the 

realization of a toroidal specimen. Figure 6.1 provides few examples of 

practical toroids, obtained by cutting and stacking a number  of rings (a), 

spirally winding a ribbon sample (b), and pressing or sintering powders  

(c). It is clear that, if the primary winding is uniformly laid around the 

core and the previous scalar condition is satisfied, the flux lines must  

follow the minimum energy circumferential paths. Stacked specimens 

are suitable to isotropic magnetic laminations and, in the case of 

moderate anisotropy, like the one encountered in conventional non- 

oriented electrical steels, they provide properties averaged over the 

lamination plane. With strip-wound cores the magnetic testing is 

associated with a definite direction in the plane of the sheet, which 

often coincides with the rolling direction (RD). In most cases RD is a 

preferred direction, where the anisotropy energy of the material is 

min imum both in crystalline and amorphous alloys. We can actually 

think that a str ip-wound core behaves as an infinitely long ribbon 

sample, although some minor interlamina flux propagation effect can 

(a) 

(c) 

(d) 

(b) 

FIGURE 6.1 Examples of practical toroidal cores, obtained by stacking rings 
punched out of a lamination (a), winding a ribbon-like sample (b), sintering or 
bonding a magnetic powder (c). The generation of a high strength circumferential 
field by means of a current i flowing in an axial conductor of large cross-sectional 
area is schematically shown in (c). The magnetic path length is calculated as the 
arithmetic average l m - -  ( ~ r / 2 ) ( D  i q- D o )  of the inside and outside circumferential 
length if the condition D o ~ 1.1Di is, as shown in (d), fulfilled. 

Soft magnetic materials

toroids

sottrazione del flusso in aria.  

 

 

 

 

Foto 3 
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(a) 

(b) 

Primary winding 

/ 
Hall-probe 

"x 

j 

"x 

/ 

FIGURE 6.5 Schematic examples of magnetic flux closure by means of lami- 
nated yokes. These are made of magnetically soft alloys and have a large cross- 
sectional area, in order to provide a near-zero reluctance flux path. Yoke (a) is 
made as a double-C core and the magnetizing coil surrounds the strip sample. 
The flux-sensing coil is tightly wound around the specimen and a fiat H-coil is 
used to determine the effective field strength. In (b) the bulk specimen is gently 
pressed between the pole faces of an electromagnet-type yoke. The effective 
field can be determined either by means of an H-coil or a Hall field-sensing 
probe. 

of the yoke and the sample is made  to fill exactly the gap. Both hard and 

soft magnets  can be tested using this kind of arrangement.  

Flux closing yokes are generally built by assembling either N i - F e  or 

GO Fe-Si  sheets, with the former to be preferred when  testing extra-soft 

materials, such as Nis0Fe20 alloys and amorphous  ribbons. Yokes made  of 

GO sheets prove, in any case, to be perfectly suited to magnetic testing of 

electrical steels. Demagnetizat ion prior to use is recommended,  in order 

single sheet tester
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(a) 

f f 

S d 
d=d" 

(b) 

30 mm 

(c) 

FIGURE 6.3 Soft magnetic lamination strips in an Epstein square. (a) Formation 
of the closed magnetic circuit by superposition of the strips at the comers. (b) 
Double lapped joints. (c) Schematic view of the final arrangement of the strips, 
which are inserted within four equal formers, each provided with a secondary 
winding and, external to it, a primary winding. Both windings have the same 
number of turns and the four sections are series connected. The magnetic path 
length adopted in the pertaining standards is 0.94 m, slightly shorter than the 
median perimeter (dashed line). 

circuit, with the strips either slipped into or taken out of a fixed winding 

arrangement. Each side of the square is provided with a secondary and, 

external to it, a primary winding, enwrapped on a rigid insulating former 

having rectangular cross-section (Fig. 6.3c). The solenoids have all the 

same number  of turns and each of them covers the same length of 19 cm. 

There is a total 700 primary and secondary turns in the frame used for 

DC and power frequency measurements (IEC 60404-2) and 200 turns in 

the frame recommended for medium frequency testing (IEC 60404-10). 

The four solenoids are series connected, somewhat  emulating uniformly 

distributed windings. There is a wealth of results demonstrating the 

excellent repeatability and reproducibility of the measurements per- 

formed by using the Epstein frame method [6.8]. According to the IEC 
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FIGURE 7.21 Quasi-static hysteresis loop in a grain-oriented Fe-Si lamination 

measured at the frequency f = 0.25Hz under two different conditions: (1) 

Constant polarization rate of change (J = 1.7 T/s, solid line). (2) Constant field rate 

of change (H - 80 A/m s, dashed line). By the first condition, we closely approach 

the rate-independent (DC) hysteresis loop. In the second case, the additional 

dynamic loss contribution brings about enlargement of the loop, depending on the 

instantaneous value of the induction rate. The corresponding time dependence of 

dJ/dt over a half-period is shown in (b). 
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FIGURE 7.21 Quasi-static hysteresis loop in a grain-oriented Fe-Si lamination 

measured at the frequency f = 0.25Hz under two different conditions: (1) 

Constant polarization rate of change (J = 1.7 T/s, solid line). (2) Constant field rate 

of change (H - 80 A/m s, dashed line). By the first condition, we closely approach 

the rate-independent (DC) hysteresis loop. In the second case, the additional 

dynamic loss contribution brings about enlargement of the loop, depending on the 

instantaneous value of the induction rate. The corresponding time dependence of 

dJ/dt over a half-period is shown in (b). 
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FIGURE 2.3 Hysteresis loops (a) and specific energy loss per cycle (b) vs. 
magnetizing frequency in grain-oriented Fe-Si laminations (thickness 0.29 mm) 
under sinusoidal time dependence of the polarization (Jp = 1.32 T). The energy 
loss in (b) is proportional, at a given frequency f, to the area of the corresponding 
(J,H) hysteresis loop. The loss separation concept formulated in Eq. (2.2) is 
illustrated in (b). 

value. The remainder, We• is called excess loss. The three loss components 

are associated with different eddy current mechanisms and different 

space-time scales of the magnetization process. The classical loss Wd is a 

sort of background, always present and independent of any structural 

feature. For a lamination of thickness, d, conductivity ~r and density 3, one 

finds, under sinusoidal time dependence of the magnetic polarization, the 

classical loss per unit mass: 

W c l -  ~T 2 o-d2j2f 
6 T '  (2.3) 

where 3 is the density of the material and it is assumed that complete flux 

penetration in the lamination cross-section occurs. Figure 2.3 demonstrates 

how an elementary approach to losses based on the classical approxima- 

tion largely underestimates the measured loss in grain-oriented lamina- 

tions at 50-60 Hz, the frequencies at which the large part of electrical 

energy is generated and produced. In addition, the dependence of W o n f  

is non-linear, in contrast with the prediction on Wd (Eq. (2.3)). The 

components Wh and We• derive from the heterogeneous nature of the 

magnetic structure of the material and the inherently discrete behavior of 

the magnetization process. Flux reversal is concentrated at moving domain 

walls and, even under quasi-static excitation, eddy currents arise because 

the domain wall displacements, hindered by the pinning centers, occur in 

Dynamic hysteresis loop

Soft magnetic materials
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FIGURE 2.3 Hysteresis loops (a) and specific energy loss per cycle (b) vs. 
magnetizing frequency in grain-oriented Fe-Si laminations (thickness 0.29 mm) 
under sinusoidal time dependence of the polarization (Jp = 1.32 T). The energy 
loss in (b) is proportional, at a given frequency f, to the area of the corresponding 
(J,H) hysteresis loop. The loss separation concept formulated in Eq. (2.2) is 
illustrated in (b). 

value. The remainder, We• is called excess loss. The three loss components 

are associated with different eddy current mechanisms and different 

space-time scales of the magnetization process. The classical loss Wd is a 

sort of background, always present and independent of any structural 

feature. For a lamination of thickness, d, conductivity ~r and density 3, one 

finds, under sinusoidal time dependence of the magnetic polarization, the 

classical loss per unit mass: 

W c l -  ~T 2 o-d2j2f 
6 T '  (2.3) 

where 3 is the density of the material and it is assumed that complete flux 

penetration in the lamination cross-section occurs. Figure 2.3 demonstrates 

how an elementary approach to losses based on the classical approxima- 

tion largely underestimates the measured loss in grain-oriented lamina- 

tions at 50-60 Hz, the frequencies at which the large part of electrical 

energy is generated and produced. In addition, the dependence of W o n f  

is non-linear, in contrast with the prediction on Wd (Eq. (2.3)). The 

components Wh and We• derive from the heterogeneous nature of the 

magnetic structure of the material and the inherently discrete behavior of 

the magnetization process. Flux reversal is concentrated at moving domain 

walls and, even under quasi-static excitation, eddy currents arise because 

the domain wall displacements, hindered by the pinning centers, occur in 
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• measurement of permanent magnets

• measurement of magnetic moment:  VSM,  AGFM

• Torque measurements

Source: F. Fiorillo, Measurement and characterization of magnetic materials, Elsevier, 2004.

Measurement techniques

Hard magnetic materials

V. Basso, Lecture 16 Magnetometry, Brno 2019       45



8.1 CLOSED MAGNETIC CIRCUIT MEASUREMENTS 483 

orders of magni tude  lower than in soft magnets  and eddy  currents in the 

sample are always low or absent when  traversing the loop with the 

typical rates al lowed by eddy  current  shielding in the bulk structure of 

the electromagnet  (say around 50-200 s for full loop determination).  

With reference to Fig. 8.4 and the measur ing  s tandards,  we summarize  

here the features of the hysteresisgraph method  specifically connected to 

the characterization of pe rmanen t  magnets.  

(1) Electromagnet. A uniform field of high strength can be generated 

in the gap of a soft iron electromagnet. The iron core has the role of 

Bipolar supply 

.a , ,  

=i iiiiiii~ii' i ' gaussmeter 

AT 

Function 
generator 

Digital 
oscilloscope PC 

FIGURE 8.4 Testing of permanent magnets using an electromagnet with variable 
gap and the hysteresisgraph method. The sample is a cylinder with circular or 
rectangular cross-section and regular end faces. D 2 is the distance over which the 
radial decrease of the field strength is less than 1%, le is the gap length, and D O 
is the diameter of the pole faces. To ensure axial anci transverse un"iformity of 
the field, the conditions given by Eqs. (8.1) and (8.2) on D2, Ig, and Do are 
recommended by the measuring standards [8.12, 8.14]. Compensated coaxial 
search coils of the type illustrated in Fig. 7.2, directly providing the polarization J 
in the material, can be used in order to accommodate different sample diameters. 
The field strength can be determined either by means of a Hall plate or a multiturn 
H-coil, embedded with the search coil (perm-card). The magnetizing frequency is 
typically around some 10 -2 Hz or less and is largely determined by the condition 
of full flux penetration in the core of the electromagnet. Alternatively, a point-by- 
point procedure as described in Section 7.2.2 can be applied. 

Electromagnet
Hard magnetic materials
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538 CHAPTER 8 Characterization of Hard Magnets 

energy and the cost of the magnetizer for significantly increasing T and ~- 

would make it economically unattractive. The general arrangement of 

sample and pickup coils for measurement of the hysteresis loop in a PFM 

can be as illustrated in Fig. 8.28. In these assemblies, special care must be 

devoted to the precise adjustment of the compensation for the signal 

induced in the sensing coils by the time-varying applied field. It is easily 

realized that the signal generated by the variation of the magnetization 

in the sample can be only a small fraction of the signal induced by the 

variation of the field. We see here all the advantage in sensitivity and 

accuracy of the previously discussed open sample methods, where the 

applied field is kept constant during the measurement. Two possible 

compensation schemes are shown in Fig. 8.28. The first one adopts the two 

concentric coils arrangement [8.51] (see also Figs. 8.19 and 8.27). The coils, 

connected in series opposition, have the same turn-area value NiAi = 

NoAo and, with the additional help of a series connected adjustable small 

coil, they cancel out the contribution of the applied field. At the same time, 

PC ~ Acquisition 
_'e'u.__ 

' x j  / 

H-coil ~ ITI ' I \ 

J - coil " ii 
i - " 

Air-flow i 
(a) (b) 

Solenoid / 

dH/dt 

I/ ,, ' !/ 
i i : 

1 
i 
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! 
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i 

--Sample 

FIGURE 8.28 Cross-sectional view of typical coil assemblies in the pulsed field 
magnetometer. They are fitted in the bore of the magnetizer. The signal collected 
by the J-coils is compensated for the linkage with the applied field. The 
arrangement in (a) makes use of two concentric coils connected in series 
opposition, which have the same turn-area and different coefficient kx (adapted 
from Ref. [8.51]). The compensation coils in (b) are symmetrically placed with 
respect to the sensing coil surrounding the sample and are not linked with the flux 
lines generated by it. A small additional coil is added in series for fine adjustment 
of the compensation. 

Pulsed field magnetometer

126 CHAPTER 4 Magnetic Field Sources 
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FIGURE 4.10 Pulsed field generated by discharge of a capacitor bank through 
a solenoid of inductance L. With the shown values of R, L, and C (R2C/4L = 
2 • 10 -3) the condition is obtained for the occurrence of an oscillating damped 
discharge, with time constant ~'0 = 2L/R (switch $2 open). If $2 is closed, the diode 
prevents the capacitor from charging with reversed polarity and the current 
decays from its maximum value with time constant rl = L/R. 

t ransient  is described by the equat ion 

L 02i(t) Oi(t) 1 i(t) = 0 (4.35) 
Ot 2 + R  O - - ~ - C  

which  has a general  solut ion of the type 

i(t) = A~ exp(ml t) + A2 exp(m2t), (4.36) 

126 CHAPTER 4 Magnetic Field Sources 

(a) 

vo 
m m  

/ 

. i(t) 
A 

L 

1 

(b) 

4000,1 ~ . . ~  S 2 closed 

 ooo1!//V  ooOOV 
-4000 L = 0.98mH 

0 10 20 30 
Time (ms) 

FIGURE 4.10 Pulsed field generated by discharge of a capacitor bank through 
a solenoid of inductance L. With the shown values of R, L, and C (R2C/4L = 
2 • 10 -3) the condition is obtained for the occurrence of an oscillating damped 
discharge, with time constant ~'0 = 2L/R (switch $2 open). If $2 is closed, the diode 
prevents the capacitor from charging with reversed polarity and the current 
decays from its maximum value with time constant rl = L/R. 

t ransient  is described by the equat ion 

L 02i(t) Oi(t) 1 i(t) = 0 (4.35) 
Ot 2 + R  O - - ~ - C  

which  has a general  solut ion of the type 

i(t) = A~ exp(ml t) + A2 exp(m2t), (4.36) 

Hard magnetic materials

V. Basso, Lecture 16 Magnetometry, Brno 2019       48



504 CHAPTER 8 Characterization of Hard Magnets 
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FIGURE 8.14 Examples of saddle point coil arrangements in a VSM for vibration 
perpendicular (z-axis) to the direction of the magnetic moment  (x-axis). The sample 
is attached to a non-magnetic vibrating rod. The arrows marked on the coils 
identify the way in which the signals from the coils have to be added. The four-coil 
system is the so-called Mallinson's set [8.21], while with the eight-coil configuration 
and a different set of connections, the component of the magnetic moment  along the 

y axis can also be detected [8.23]. The diagram (d) shows the behavior of the relative 
magnetometer output (i.e. the sensitivity function gx(Z)) for transverse vibration 

when the position of the vibrating sample is displaced along one of the reference 

axes x, y, z. The calculations are made assuming small coil size with respect to the 
intercoil distances (small coil approximation) and the relative output is normalized 

to the unit turn-area of the coil system. The upper and lower families of curves for 
the two-coil arrangement are obtained for flat coils (d = 1, h - - 0 )  and long coils 
(d -- 1, h -- x/~), respectively. Four-coil arrangement: the dashed lines are obtained 
with dx = 1, dz = 0.389, while the continuous lines correspond to d.,. = 1, dz = 0.678. 
Eight-coil system: d.,. = dy = dz = 1/~/2. This system exhibits, by virtue of its cubic 
symmetry, identical response along the three axes (adapted from Ref. [8.22]). 

Vibrating Sample Magnetometer (VSM)

Reciprocity 

B = k i

Φ = k m
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Measurement of magnetic flux

1.7 MAGNETIC MA

H = (N1/l) I

e.m.f. = - N2S(dB/dt)

flux meter

resolution 0.5 10-6 Vs
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Measurement of magnetic flux

SQUID
Superconducting QUantum Interference Device

2.067833848...×10-15 Wb

ΦB = n
h

2e
magnetic flux quantum

Superconductor

Josephson junctions
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526 CHAPTER 8 Characterization of Hard Magnets 
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FIGURE 8.23 Horizontal gradient (a) and vertical gradient (b) AFGM setups 
developed by Flanders. The conventional coil pair shown in (a), provides a 
gradient of the AC field along the x-axis. It can be replaced by a different coil 
arrangement, in order to achieve the gradient (i.e. the alternating force) along the 
y-axis. The piezo bimorph, the extension rod, and the sample are tuned to 
mechanical resonance as a whole. In the other setup, a vertical AC field gradient is 
generated by suitable coil arrangement (see, for example, Fig. 8.14). The vibration 
of the sample (having moment directed along the x-axis) along the z-direction is 
transmitted to the cantilevered piezoelectric bimorph by means of a glass or quartz 
fiber, fastened to the tip of the bimorph. This geometry is useful for measurements 
upon a wide range of temperatures, because the bimorph plate is far from the 
sample and thermally shielded from it, so that its temperature is always constant. 
Both types of magnetometers can operate at different frequencies, ranging 
between about 100 Hz and I kHz (adapted from Refs. [8.38, 8.39]). 

for x-directed AC gradient,  by the expression 

V 0 = 3FxG(I b + le)g31/2Wbdb, (8.19) 

where  G is the mechanical  gain, equal to the Q factor at resonance, I b 

and I e are the lengths of b imorph  and extension, respectively, g31 is 

Alternating Gradient Force Magnetometer 
AGFM

F = ∇(µ0m ·H)
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Anisotropy - torque570 CHAPTER 9 Measurement of Intrinsic Magnetic Properties 
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FIGURE 9.10 Schematics of a torque magnetometer for magnetic anisotropy 
measurement. An electromagnet on a rotating platform provides large and 
uniform field over 360 ~ to a disk-shaped or spherical sample, placed in the center 
of the gap. The sample is solidly held within a quartz tube, which is suspended at 

the upper end by means of a taut wire and is provided with a suitable stabilizing 
weight at the bottom. A servo system keeps the sample in a fixed position during 
rotation of the field, by injecting a suitable current in a multi-turn coil integral with 
the tube. This is immersed in the field of a permanent magnet and provides a 
balancing torque to the tube. The current circulating in the coil provides a measure 
of the torque and is recorded together with the angle r correspondingly made by 
the field with the reference direction. 

mxH

torque
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IEC 60404-2 
Magnetic materials - Part 2: Methods of measurement of the magnetic properties of electrical 
steel sheet and strip by means of an Epstein frame
IEC 60404-3 
Magnetic materials - Part 3: Methods of measurement of the magnetic properties of magnetic 
sheet and strip by means of a single sheet tester
IEC 60404-4 
Magnetic materials - Part 4: Methods of measurement of d.c. magnetic properties of 
magnetically soft materials
IEC 60404-5 
Magnetic materials - Part 5: Permanent magnet (magnetically hard) materials - Methods of 
measurement of magnetic properties
IEC 60404-6 
Magnetic materials - Part 6: Methods of measurement of the magnetic properties of 
magnetically soft metallic and powder materials at frequencies in the range 20 Hz to 200 kHz 
by the use of ring specimens
IEC 60404-10 
Magnetic materials - Part 10: Methods of measurement of magnetic properties of magnetic 
sheet and strip at medium frequencies
IEC 60404-13 
Magnetic materials - Part 13: Methods of measurement of density, resistivity and stacking 
factor of electrical steel sheet and strip

IEC standards
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