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Maxwell equations

V. - E = ﬁ Gauss’s law (1835)
€0
V-B = 0 absence of magnetic charges
0B
VXFE = T Faraday's law (1831)
o) -
VxB = Ampeére's law (1826)
Hod =+ Ho€o Ot + Maxwell (1861)

conservation of the charge

dp

=3
dt+v ]

= 1/(c*po)
€[ liAGNETISH V. Basso, Lecture |16 Magnetometry, Brno 2019



Maxwell equations

V- - FE = r Gauss’s law (1835)
€0
V-B = 0 absence of magnetic charges
0B
VXFE = T Faraday's law (1831)
VB = ,UOj 1 MOEOa—E Ampere's law (1826)

ot + Maxwell (1861)

old Sl before 20 May 2019 o = 47 - 1077 H/m

new SI: 20 May 2019
o = 4m[1 +2.0(2.3) x 10719 x 10~ "H/m

conservation of the charge

_ ,_'):O
dt+v 9

0 = 1/(c2up) = 8.85-10712 F/m
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Maxwell equations in matter

V-D = p
V-B = 0
0B
g =
V X By
0D
H = 74+ —
V X g—l—at

all quantities are “local averages”

1

F(T) — A—V /AV Fmicrod?)’r

D260E+P
B = poH + poM

constitutive relations
P(FE)
M(H) J = uoM

du = uyoH -dM + E - dP
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constitutive relations

VI

€D iichETi

diamagnetism
v =-10°

paramagnetism
v =10°

V. Basso, Lecture |6 Magnetometry, Brno 2019

VT

feromagnetism



Magnetostatic field

magnetostatic approximation

V- -M

VxH 97

{V-H
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Magnetostatic field

magnetostatic approximation

{

V-H
V x H

-V-M
J

V- Hy
VXHM

—-V-M

magnetic scalar potential

H, =—Vou

' ' n surface
Poisson equation T oles

2
Viom = —pu o =—V-M
solution “« ;

- Surrace
Oy = _i V- M(r) d3r’ 4 i n - M(r') d2r’ currents
dn Jy e —] i Jy =]
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Demagnetizing field

1 V- -M(r 1 n- M(r'
with uniform magnetization o¢n = —— ( )d?’r’ N (')

d2/
A7 |y, |r — 7 At |5 | — 7| 4

1
¢M:—M./ A
A7 s |r— 7]

the magnetostatic field
Hy = —Vou

is uniform inside the body for ellipsoids

Hy=-NM
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Demagnetizing factor

Demagnetizing coefficient

1.0
prolate ,U()H = —NdJ
rolate r=c/a
P C
; R
= v
.g
1
0 1 2 3 R
r=c/a=c/b

Ny + Ny+ N, =1
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I
non ellipsoidal shapes...

€[ liAGNETISH

Demagnetizing field

shapes with no or small
demagnetizing effects

PN I
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® Introduction: Maxwell equations
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Generation of magnetic fields

Solenoids, Helmholtz coils,
electromagnets,

with permanent magnets,

large magnetic fields with currents
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Generation of magnetic fields

current loop

Biot-Savart law

I [dli(r")yx(r—7") 5,
H = d
4%7{ v — /|3 g

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

Helmholtz coil < 8 kKA/m
H.(x,0) = mmz[ ! + 1 ] -
e (a’ + 2x + % @i+ 2x— a2 | H.(0,0) =o.71555:i

www.laboratorio.elettrofisico.com
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Generation of magnetic fields

thin, long solenoid < 80 kA/m
___________________ l'__" S H=c2 L 2x n L2 ,
o\ o | 'L 24/D? + (L4 2x)>  2v/D?+ (L — 2x)?

A
I~
Y

Position P

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

Electromagnets

NI
Hg - SQ 0
Al

<25-30T

- P APy —— s s
: g‘ldg?wc : Mean core
i ux lines .
—_— : : length I,
+ o : l
. ' < ' e : v
A ] Air gap ¥ : Rix gdpl. ”
l _ permeability je,
e Ol , length g ¥ : t\rca A Y Ho
! 2
. |
. { 1 .
Winding, ¢ —<——— | <— Magnetic core
N turns permeability pu,
Area A_
L

www.laboratorio.elettrofisico.com
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Generation of magnetic fields
with permanent magnets: the Halbach’s cylinder <2T

m sin 6
Hy=—
O~ 4xr 13
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Generation of magnetic fields

Bitter’s coils <20-30T

Cooling
water  Current

" Copper
plate

\ Insulator

A little frog (alive !) and a water ball
levitate inside a @32mm vertical bore
of a Bitter solenoid in a magnetic field
of about 16 Tesla at the Nijmegen High

www.ru.nl/hfml Field Magnet Laboratory.
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Generation of magnetic fields

Current pulse <100T

S, closed

I fm
o 5 - /\
5 o1 e ANYa
3 ] \/ \/ V
@ ~2000

13 V, = 6000V
" C = BOOWF
~4000 7 \ L =0.98mH
S, open f1=0130
0 10 20 30
Time (ms)

(b)

typical 7T in labs
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Measurement of magnetic fields

standard coils

H-coils

Hall effect

flux gate

nuclear magnetic resonance
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Measurement of magnetic fields

Standard coil B=kl

1.00005

N =N =200
{ R=254 mm SMH-003
1k =7.05435 10" T/A l

1.000004 / _ _ -~ = T 2 ppm/cm

20 ppm/cm

SMH-002

0.89885 -~

H(x) / H(0)

N =N =2400
I? 115 mm

0.99990 - I, =1.95248010" T/A

Standard Helmholtz coils

D.EEEES lllllllll I IIIIIIIII I lllllllll I lllllllll
-10 -5 0 < 10
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Measurement of magnetic fields

H coils
o d@®
- dt
(a) i
B(ty) — D) = — J “edt.
by
107 -50T
(b) depends on frequency

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) = [; H.-dx,
with H; the effective field at the sheet surface. This quantity can equally be
measured by means of a uniformly wound flat coil.
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Measurement of magnetic fields

Fluxgate

Er

0

| -_—
Vige tlﬁ :I
| e gy
= =
IXTX4 cm ”4
http://sci.esa.int/ down tO I 0-9 T

MAG:The Fluxgate Magnetometer of Venus Express

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.

€ ﬂ} i\/]ﬁ\%ﬁ?ﬁéﬁ V. Basso, Lecture |6 Magnetometry, Brno 2019 24



€[)

Measurement of magnetic fields

Hall effect gaussmeters

THE EUROPEAN SCHOOL ON

MAGNETISM

www.brockhaus.com

106-50T

static, 0.1% accuracy

need appropriate temperature compensation
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Measurement of magnetic fields

m,=-1/2

magnetic resonance

f

i — /Yili AE = Fun, = Frye H,
@, = THH,
(a) (b)
1L v:/(27) Element wi/pun | Li/h | 7:i/(2m) | abundance
%1072 Am? (MHz/T) (MHz/T) %
electron (16) -928.476 4620(57) 28 024.951 64(17) 1H (1p) 2.793 1/2 42 577 99.98
nuclear magneton 0.5050 783 699(31) 5 ' : )
proton (1p) 1.410 606 7873(97) | 42.577 478 92(29) A (1p,1n) 0.857 | 1 6.532 0.02
shiclded proton (1p) | 1410 570 547(18) | 42.576 385 07(53) | He (2p,In) | -2.127 | 1/2 | -32.434 | 0.000137
Noutron (1n) ~0.966 236 50(25) | 29.164 6J33(69) "Li (3p,4n) 3.256 | 3/2 16.546 92.60
deuteron (1p,1n) 0.433 073 5040(36) 13C (6p,7n) -0.702 | 1/2 | -10.702 1.11
trition (1p,2n) 1.504 609 503((12)) 14N (7p’7n) 0.404 1 3.079 99 .63
helion (2p,1n) -1.074 617 522(14 19
shielded helion (2p,1n) | -1.074 553 080(14) | 32.434 099 66(43) . F (9p,10n) 2.620 | 1/2 | 40.079 100.00
31P (15p,16n) 1.132 | 1/2 | 17.257 100.00
39K (19p,20n) | 0.392 | 3/2 1.992 93.10
°TFe (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

eh

My = —_Zrn

AE = 2gpnIpoHy = AypgHy,

1.0
0.5-
]
: 0.0 =" B
Aw=1/T,
.5
| *
104
AR N M1 S50mT-14T 100 / 1000 ppm/cm
{(w,-@d) T,
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Outline

® Introduction: Maxwell equations
® Generation and measurement of magnetic fields
® Measurement of soft and hard magnetic materials

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

_ Soft magnets 60x | 0%€
O NO Fe-Si
" Y- Fe;05 m GO Fe-Si
ecording I
materials NO Fe-Si i-Fe, Co-Fe

O Amorphous alloys
B Soft ferrites
O Powder cores

hard disks

\

Hard magnets

B Hard ferrites
O RE-Fe-B

B Sm-Co

@ Alnico

O Ni-Fe, Co-Fe (heads)
SOft ferrites | 4 co-cr (hard disks)

B Fe particles (tapes)
B CrO2 (tapes)

Hard ferrites |®9-Fe203
B Others

/

Ni-Fe, Co-Fe
(read heads)
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Hysteresis loop

constitutive relation

M (H)

(Hp, Mp)

Yo

“Sijor loop

O

I 4

M [ arb. units ]

pM[T]

0.4}

-0.8
-8

BMIT]

"
/]
i j

.

-500  -250 0 250 500

H[Am"]

0

08

04}

0.0

H [ arb. units ]
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Hysteresis loop

du = yoHdM - Tdis

€[ liAGNETISH

energy losses

V. Basso, Lecture |6 Magnetometry, Brno 2019
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slab

THE EUROPEAN SCHOOL ON

MAGNETISM

Domain wall motion

/
180° domain 7

wall
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Domain wall motion

picture-frame single crystal

6 —
AMmi Fe-Si
; <100) single - crysial picture fromes

° ]

/( o/

1

0 2 ¢ 6 8 00'ms1

. . v
for a single domain wall
d
G=0.1356 slab
G. Bertotti, Hysteresis in Magnetism. Academic Press, (1998) Hellmiss and Storm, IEEE Trans. Magn. 10 (1974)
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2.0
I
15
1.0

0.5

|

@
-0.5

-1.0
=19

-2

Domain wall motion

of picture frame

o
Fe-3.5wt;51\L\(

1 F(9)
r____
[ <1002 single - crystol
picture frome
) ‘ E E ¢
*[ M -
E E +H E ,:y
, I\ B
J . . — 9
= 3Ny \

1 ) JA/m &

G. Bertotti, Hysteresis in Magnetism. Academic Press, (1998)

€[ tiacheTisH
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Hysteresis loop

branching and metastability
$X
7

Pl

VAN
IR

G. Bertotti, Hysteresis in Magnetism. Academic Press, (1998)

Hysteresis
loop

. Barkhausen |
signal .\ ”s
r 'M J'\'
i (Il
o i ‘* | WN ﬁ\’f’“
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J(T),B(T)

(a)

Measurement of magnetic materials

Soft

[ J.B \\ T~
10| '
: 2 - B 'Jl' \ F)
[ - F
0-5 _- 1 1 b l
i i - (' !
: \ ! L—: 1 :J
0.0 m 0 n ;
' E Hy \\H ’
-~ j I ca
-1 '
[ T
] ! AN
Nan-oriented Fe-Si 2] ! AH)
| 1 -3 ]
1000  -500 0 500 1000 1500 -1000 500 © 500 1000 1500
H{A/m) {b) H(kA/m)
HoH (T) 800 kA/m => 1T
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Measurement of magnetic materials

Soft

1.5 -
[ J.B,
10} ™
0.5 F )
I H, .
[ !
0.0 | N

J(T),B(T)

iNon-oriented Fe-Si

-1000 -500 0 500
(a) H{A/m)

|
1000
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Soft magnetic materials

FaRINRS

i

(b)

toroids

(d)

V. Basso, Lecture |6 Magnetometry, Brno 2019
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Soft magnetic materials
Epstein frame single sheet tester
\

LD

7t (F

]
&7 Primary winding
(o
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Soft magnetic materials

rate effects

154 GO Fe~(3 wi%)Si
] r=025H: 7’
J _ i
1o] H=17T ; |
J ! ¢ 15 4 1“1
| ! E [}
! ! (Y
0.5 ! i : I.II
- , di =~ 10 Co
= ) t 1 = : Lo
3 0.0 4 ; | 5 _ Lo
‘ f 3 ‘ Co
] Hiy 7, 3 s P
-'051 t \ ] 'l \‘
t | ] \
% |1 N o
-1.01 | 7 i 0.0 05 1.0 15
f j' \/ (b) Time (s)
~1.51
1
) U —
80 -60 —40 -~20 O 20 40 60 80
(a) H {A/m)
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Soft magnetic materials
Hysteresigraph-Vattmeter

0.4

JIT

1.8 _T_
:N ‘r UH(\ti Arb. function T Power e

() /W ~
generator e(t) | ampl. - m(t)—*

Tt !
[ PLC ﬁm H<TM£W

oscilloscope

— | %
| ut) = dB/dt
Grain-oriented Fe-Si (b) (a) < !
f=1Hz,Jp=1.8T i
——

L .

0.0 0.2 0.4 0.6 0.8 1.0
Time /s
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Soft magnetic materials

Dynamic hysteresis loop

. I i
] GO Fe-(3wt%)Si

10| '5 | J=1.32T |
05} af |
e 3 -
5 f |
£ %0 :
-3 ] |
0.5 : 4
: 00 Hz ]
1.0} : |
: & ]
""'1 5 ‘. P | P TR T ZD.F?H%‘. OI———‘-—|——v—-rvwv—v|—v—v-—
60 —40 —20 0 20 4 60 O b0 100 150 200

(&) H {A/m) (b) f{Hz)

€ [)) liAGNETISH
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Soft magnetic materials

Dynamic hysteresis loop
loss separation

15 b{jf-‘égwf%]g 30_: ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
1ol ] GO Fe-(3wi%)Si |
F | J=1.32T ;
0.5} : | |
ol 2” 1
£ 99 I= i
™ ; = !
E < .
0.5 i 10 ]
00 Hz *
-1.0 :' {
! 1 B e e e !
1.5 b I N 200 Hz 0 :
—EO —40 —20 0 20 44 60 4 50 100 150 200
(a) H {A/m) (b) f {Hz)
2
T
W = Whyst(Jp) —+ EO'GCZQJI?]C +- 8\/ O'GGSV()JS/2f1/2
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Hard magnetic materials

| Nd-Fe-Dy-Al-B

w
. |

1500 -1000 500 O 500 1000 1500
H/KAm™
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Hard magnetic materials

Measurement techniques

® measurement of permanent magnets
® measurement of magnetic moment: VSM, AGFM
® Torque measurements

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

Digital

Electromagnet

Magnet Magnet
coil coil
I Bipolar supply Function
D, generator
Measuring
- coils ek Rl T
/ Adjustable | I
(=) pole
pieces |_ |
4:. <> Hall
'; \ gaussmeter
L _ _/S.'lmplc S R i

PC

\ oscilloscope
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1.5

_— Alnic

1.0

0.5

0.0

€[ NiAcNETISH

ferrite

THE EUROPEAN SCHOOL ON

MAGNETISM

J.B(T)

Hard magnetic materials

0.5 , : : .
Ferrite cylindef
0.4 A
0.34 -
B .-
0.2- o .
01 =038 T (BH),,=28.4 kJrif
T wH=0309T atB=0195T |
e =0.304T andpH, = -0.183 T |
0.0 , : :
0.5 -0.4 0.2 -0.1 0.0
47
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1.5

Hard magnetic materials
Pulsed field magnetometer

1.0

0.5

PFM

AN

M

closed circuit hysteresisgraph

I

0.5
lcalcu

1.0

lated

D= 285mm, h=10 mm

Nd-Fe-B cylinder

A5
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0 2 4

'uo eff (T)

(@)

PC Acquisition
setup dH/dt | du/ot
! /N
Xi
H-cml\\
1 Adjust
Sample
I
J~coil !
™ H-coil
Air-flow
{a)
1)
j . AAN
I'd l R
R‘S‘I
{ . §
“ == :
? = c

Solenoid

(b)

(b}
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2000 |
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—4000 1
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Vibrating Sample Magnetometer (VSM)

THa
i
ot T i
—— Oy —

{a) (b}

Reciprocity
g
£ B=ki
®=km

(d) x/a, y/a, z/a
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Measurement of magnetic flux

- ?AD H = (N//I) |

/7
~ ol flux meter
B akeShore 480 Fluxmeter IEOC E = [:w}‘

N emf. = - N2S(dB/dt) — i

+25.9174 mls

uuuuuuuuuuuuu

eak Poak. Drift Reading
Reset  Hold ™™ agust  Reset OnOff  Percent  Out EMer
(I (] [ [ e =W =S |

resolution 0.5 106 Vs
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Measurement of magnetic flux

SQUID
Superconducting QUantum Interference Device
Superconductor
5 S
B =N magnetic flux quantum
I 2e
_.C

2.067833848...x10->Wb

Josephson junctions

O«

www.qdusa.com MPMS
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Alternating Gradient Force Maghetometer

AGFM

F =V(pom - H)

Ceramic mount Bimorph
Rubber \A Glass/quartz
= E{\‘Q-..\.\.'_\‘_\\\\\“_\.\'\WTN flber
ExtenSion R T T Y R P ——— Thermal
/ro p I

e 46—, Shiields
/

- Sample

— Glass mount | | Y 3
/ Ho \ S- hermocouple
Top-view Side-view 4)
(a) (b}
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Anisotropy - torque

Yz
e Tungsten wire
torque
AN
Permanent magnat
mxH = .

Photocells

Acquisition
P setup
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IEC standards

1IEC 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

1IEC 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

1IEC 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 |3: Methods of measurement of density, resistivity and stacking
factor of electrical steel sheet and strip
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