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Why Magnetic Measurements?
“I often say that when you can measure what you are 
speaking about and express it in numbers you know 
something about it. But when you cannot measure it, when 
you cannot express it in numbers, 
your knowledge is of a meager and 
unsatisfactory kind.”
Lord Kelvin, 1883

“Magnetism is an experimental science”
Mike Coey, 2010

“ No clear understanding of magnetism can be attained without a sound knowledge of the 
way in which magnetic properties are measured.”
B.D. Cullity & CD Graham: Introduction to Magnetic Materials, 2009



What needs to be measured ?

Hysteresis curve:
•coercivity, remanence
•permeabilities
•energy loss
•interactions
•etc.
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Reversal of Ni81Fe19 (30 nm) / NiO (30 nm)

external field in A/cm
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Saturation magnetization Ms

Exchange or 
stiffness constant A

Magnetostriction constants λ

Damping constants α
Resonance frequency fres

Magnetoresistance

Animation: H. Schultheiß 
und B. Hillebrands

Kaiserslautern

Magnetic order (neutrons)

Domain scale 
masurements 

(Magnetic Imaging)

What needs to be measured ?

Magnetization curve

Crystal or other 
anisotropy constants K

and more…



1. Production of magnetic field

2. Measurement of magnetic field strength

3. Magnetic measurements to determine material 
parameters & properties

3.1. Magnetic measurements

3.2. Mechanical measurements

3.3. Resonance techniques

3.4. Dilatometric measurements

3.5. Domain methods

4. Domain scale measurements (Magnetic Imaging)

Contents of lecture



from IEEE Magn. Soc. webpage

Magnetic Units

http://www.ieeemagnetics.org/images/
stories/magnetic_units.pdf

In this presentation:
SI units

B = µ0(H + M) = µ0H + J

V sec
m2[T] = [           ]B, J :

A
m[     ]H, M :

http://www.ieeemagnetics.org/images/stories/magnetic_units.pdf
http://www.ieeemagnetics.org/images/stories/magnetic_units.pdf
http://www.ieeemagnetics.org/images/stories/magnetic_units.pdf
http://www.ieeemagnetics.org/images/stories/magnetic_units.pdf
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For reading

Many figures in this presentation 

are taken from these references – 

special thanks to the authors
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Production of 
Magnetic Field



1. Production of Magnetic Field
Two possibilities to generate magnetic field:
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By electrical currents 
flowing in conductor 
➙ electromagnetic coils

By exploiting the ordered array of 
quantummechanical electronic 
currents circulating in a magnetic 
material (➙ permanent magnets)
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1. Production of Magnetic Field
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1.1 Electromagnetic coils
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FICURE 2.150
The Helmholtz coils and the magnetic field distribution inside the Helmholtz coils system.

FIGURE 2.151
The double-pair Helmhoitz coil system (a) and corresponding characteristics of the multicoil systems (b) (three coils-see also Figure 2

three-axis square coil system, commonly used for

(a)

The field uniformity of the Helmholtz coil system can
be significantly improved by using two pairs of coils con-
nected in series (Garret 7957, Ftanzer. 1962, Stamberger
7972, Kaminishi and Nawata 1981, Fiorillo 2004). It was
estimated that the optimal configuration is 0r=49.1",
0z=73.4" (see Figure 2.751"), which corresponds with
L1 / Lr= 2.635, \ / r r= Q.672, und nr/ nr= 0.$82 (Fioriollo 2004).

Equation 2.232was derived by neglecting the dimen-
sions of the multilayer coil (Figure2.752a). This problem
was considered in many technical publications (Franzen
l962,Kaminishi and Nawata 1981, Fiorillo 2004). It was
found that if the mean radius and mean distance fulfill
the conditioni=i,we obtain similar uniformity as in
the one-wire coil but it is recommended that the ratio of
the height h to t}lre width w is h/w=1.078.

The circular coils are not very convenient in practi-
ca1 applications due to the limited volume inside the
coils. Therefore, a possibility of the square coil sys-
tem was considered (Firester 7966). An example of a

netic field cancellation, is presented in Figure 2.
was determined that the square coil system
the magnetic field with uniformity not as
the circular coils. For the square axa coils dista

(r)

FIGURE 2.152
The multilayer Helmholtz
Helmholtz coils system (b).

(b)

coils (a) and

H1+ H)=O.71lillR

* For singie-pair system, this optimal angle is A=63.4'
rectangular

x

I

L = r

r

Helmholtz coils

Axial field component at centre point:

Hnormalized

x/rHomogeneous (small) field 
in large volume

1.1 Electromagnetic coils (cont.)
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Solenoid with one layer of winding:

1.1 Electromagnetic coils (cont.)



1. Production of Magnetic Field

Solenoid
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Field at centre:

Long solenoid (l >> d):

Solenoid with one layer of winding:

Higher field: better increase n/l by adding 
more layers of winding rather than 
increasing current

H ~ I, but heat ~ I2R
Thus doubling number of winding layers 
and keeping current constant will double 
H, R, and amount of heat ; whereas 
doubling of current will double H, but will 
quadruple heat

Remarks:

•

•Typical field: 0.1 T *,
higher field requires cooling

Although SI unit of field is A/m, it is 
common to express field stregth in units of 
µ0H = B  [Tesla]

*

1.1 Electromagnetic coils (cont.)



Bitter magnet:
• Winding composed of Cu disks, ~30 cm diameter
• Insulated from each other, clamped together
• Rotated by 20°: overlap = conduction path
• Cooling water pumped through holes,
• Helical current path, acts like solenoid
• Typical field: 45 Tesla in 30 mm bore, requires 

current of 67.000 A, power input of 20 MW
• Requires large motor-generator sets
 

1. Production of Magnetic Field

High-Field Solenoid: Bitter magnet
High field: requires large power input 
      two major design problems:
1) Large amount of heat (note: maintaining magnetic 
field by current is process of zero efficiency: all input 
power goes into heat)
2) Mechanical strength to resist large forces acting on 
current carriers has to be provided

1.1 Electromagnetic coils (cont.)



1. Production of Magnetic Field

High-field Solenoid: Pulsed Fields

E.h9EP'üPqE 
A

F.^-!d+
rj 

t§ ts{*.= 
dF 

t 
l:

HEtg-.9+*t s
äts.sI:lH§ie
9 .: -.'1. ä rt d. E 

o,
:-.E,ÄEE;EB
F 9 .E-c'i.i 

F 
q,l

EgE!ETääE
Es6äEa*g.i
rEc",'kd"Eb
€x§äE8ogE=
E ilEe';E i# H 

G
a"- 

6DE'- !2 r^ 
'E 

3
ocrtgä!.=äl!- 

Y
E; F;+I'$E: 

,E

? $e E E5€5h 
-.r3

!E:FElFEg 
rr-

E.'---6HU+ 
"S

'FG
)G

rdUqCv
':?.EE€ 9.s. R.i
E nE E = ä; f'
!.-r-!=F
'i 

- 
6J ar'I1 

L: 
-

.o9<,.r;Y19O
h9

c h.5 IrrE X > Y -
H " E E-: * [ f t
:.9 Ho§g u r.F(
!a': (§ -- : 

or 
>--\

6#E9*-E.SH-r
.E ä;r 

3o eg il H
l-!-)?-.rv-ts
'O

l.iE.!tE'ü*ts8
O

Y.^(u'--P-.
oE übts^.Er 

ö'-r 
q,

9; äE?;E E iE
--H-""!f.!l
FE-O

tr**uiuUcd

=t<1

3

o=l:il

.9il
9.{t

=U'1, 
0.,

(ü (,) ^
!.?tl]
'e <t
öo! 

!
- 

a/

iio(n
ai5
O

HÖ

ö §s
", gr 

ctr

O
*'= 

rd
EU6
:L.i
Xü-O

J .Y
i,E 

J
'ü^

ibü
N}E
rr siä
n;ö
P+H
d- 

0.)
as .i. >
U);i 

-
v tr*
".HF
0rt
tr oJo
. >-l

E äcl

o\a?<i
r.-C?<i

1..
6tfr

-c'+i3

oOa§{
E.e+.e.eE
.tstäHrS
tr ! o.= o tr

.-u{+H
-. t. E ä'ü 

q
vdrd9
ü 

ü 
^o.r O

.r
rd =§ 

!§ r{'
bo5 

^ 
u o

= B't P e §
Q

 x§EE'ü
äüü&o I
'= h*, E tt 

o,)
. 

-f- 
d 

-
_o >,6' 

v

EEEäET
H4^
'Eüäk:-

H
ge65=9
0J!a-:!

frY**l,'1 AJ 0r
9-ä 

N Q
c 

ol
!J^-.4-br}]tr.:E
o-c 

(E.:
: }E:EE
JJ ^ *J'E 

(§

E.YüEü.o
# oo:.H , >
E C-r.E-( 

0.,
öHtrl"j*bo
- ä-r 

c h.!
{üs+E 

B
* <P R 5 

,s

SBYHtEe
*oV15$lrC
{ E'E hE HD

€
'(J c 

orJrr 0J (§5
E 8 PE E.€ 3

iC^

v l*l
-lN

IAxO
J

ol 
-

> lE1lt

*l.vl-t+i l.\c
trt(,t

qlNIO
.

xO
J

>-1.

t

-J)

LJj(rlI=oaJla-ZU(f: 
'-

+3

N-l=ü'
NF<I

U{ri

Nrl§1
N&+t!lN

Itl.{

silEqr:
-äo', ö.6 F 

tO
 

\o
u 

co 
cf)

J- 
PV 

L
gSE.oE 

s 
g

§U'u o Ü
Its I"{e
öu* 

Hc
di 

^ 
r

.:.uoo{

3.{ c .Ä'E &
3d6=ä-.r-
i7E2ä11 

d 
q

E;gE:s 
l 

S
.. qt tr äär 

^ 
O

-
$*gäEE s 

r
t:g€EH 

-lu e =l
.E=ö.E-cti 

r 
P )

tägäEc 
E ^ 

6I
>'+ltr> 

E 
.= 

*l* 
cJ s

iä,x(gf 
E 5l'- f 

§
E€:N t"E + 

F< H E
§-cH,, l-B 

o 
1 

" 
X

b=Erl-EL 
, 

I 
g 

o)
i]'fis=Ei 

E 
^l 

o 
-

50.5:tr§ 
'=;t E S

;-jiEE: 
.B-%

1.-: 
il

EE-Fri 
P 

- 
.Y

rc§.EYi.E ä 
E

I 9E E 6 X 
'E 

o,

äEEEF: E 
il

U- 
Y ! 

U

;o-8E-PE .e 
;

§-r 
(§

rrr'äi- 8o r.E 
E 

.q
lFi 

lEc 
.9 

e
P:oJg> 

e 
E

98IES!J F 
E

E c c.r.o Lö 
-H 

3

oEo)Etr

a.J.J\
EUac6z.<nU

ooooooII
o

(y) 1uern3

€6t

E.h9EP'üPqE 
A

F.^-!d+
rj 

t§ ts{*.= 
dF 

t 
l:

HEtg-.9+*t s
äts.sI:lH§ie
9 .: -.'1. ä rt d. E 

o,
:-.E,ÄEE;EB
F 9 .E-c'i.i 

F 
q,l

EgE!ETääE
Es6äEa*g.i
rEc",'kd"Eb
€x§äE8ogE=
E ilEe';E i# H 

G
a"- 

6DE'- !2 r^ 
'E 

3
ocrtgä!.=äl!- 

Y
E; F;+I'$E: 

,E

? $e E E5€5h 
-.r3

!E:FElFEg 
rr-

E.'---6HU+ 
"S

'FG
)G

rdUqCv
':?.EE€ 9.s. R.i
E nE E = ä; f'
!.-r-!=F
'i 

- 
6J ar'I1 

L: 
-

.o9<,.r;Y19O
h9

c h.5 IrrE X > Y -
H " E E-: * [ f t
:.9 Ho§g u r.F(
!a': (§ -- : 

or 
>--\

6#E9*-E.SH-r
.E ä;r 

3o eg il H
l-!-)?-.rv-ts
'O

l.iE.!tE'ü*ts8
O

Y.^(u'--P-.
oE übts^.Er 

ö'-r 
q,

9; äE?;E E iE
--H-""!f.!l
FE-O

tr**uiuUcd

=t<1

3

o=l:il

.9il
9.{t

=U'1, 
0.,

(ü (,) ^
!.?tl]
'e <t
öo! 

!
- 

a/

iio(n
ai5
O

HÖ

ö §s
", gr 

ctr

O
*'= 

rd
EU6
:L.i
Xü-O

J .Y
i,E 

J
'ü^

ibü
N}E
rr siä
n;ö
P+H
d- 

0.)
as .i. >
U);i 

-
v tr*
".HF
0rt
tr oJo
. >-l

E äcl

o\a?<i
r.-C?<i

1..
6tfr

-c'+i3

oOa§{
E.e+.e.eE
.tstäHrS
tr ! o.= o tr

.-u{+H
-. t. E ä'ü 

q
vdrd9
ü 

ü 
^o.r O

.r
rd =§ 

!§ r{'
bo5 

^ 
u o

= B't P e §
Q

 x§EE'ü
äüü&o I
'= h*, E tt 

o,)
. 

-f- 
d 

-
_o >,6' 

v

EEEäET
H4^
'Eüäk:-

H
ge65=9
0J!a-:!

frY**l,'1 AJ 0r
9-ä 

N Q
c 

ol
!J^-.4-br}]tr.:E
o-c 

(E.:
: }E:EE
JJ ^ *J'E 

(§

E.YüEü.o
# oo:.H , >
E C-r.E-( 

0.,
öHtrl"j*bo
- ä-r 

c h.!
{üs+E 

B
* <P R 5 

,s

SBYHtEe
*oV15$lrC
{ E'E hE HD

€
'(J c 

orJrr 0J (§5
E 8 PE E.€ 3

iC^

v l*l
-lN

IAxO
J

ol 
-

> lE1lt

*l.vl-t+i l.\c
trt(,t

qlNIO
.

xO
J

>-1.

t

-J)

LJj(rlI=oaJla-ZU(f: 
'-

+3

N-l=ü'
NF<I

U{ri

Nrl§1
N&+t!lN

Itl.{

silEqr:
-äo', ö.6 F 

tO
 

\o
u 

co 
cf)

J- 
PV 

L
gSE.oE 

s 
g

§U'u o Ü
Its I"{e
öu* 

Hc
di 

^ 
r

.:.uoo{

3.{ c .Ä'E &
3d6=ä-.r-
i7E2ä11 

d 
q

E;gE:s 
l 

S
.. qt tr äär 

^ 
O

-
$*gäEE s 

r
t:g€EH 

-lu e =l
.E=ö.E-cti 

r 
P )

tägäEc 
E ^ 

6I
>'+ltr> 

E 
.= 

*l* 
cJ s

iä,x(gf 
E 5l'- f 

§
E€:N t"E + 

F< H E
§-cH,, l-B 

o 
1 

" 
X

b=Erl-EL 
, 

I 
g 

o)
i]'fis=Ei 

E 
^l 

o 
-

50.5:tr§ 
'=;t E S

;-jiEE: 
.B-%

1.-: 
il

EE-Fri 
P 

- 
.Y

rc§.EYi.E ä 
E

I 9E E 6 X 
'E 

o,

äEEEF: E 
il

U- 
Y ! 

U

;o-8E-PE .e 
;

§-r 
(§

rrr'äi- 8o r.E 
E 

.q
lFi 

lEc 
.9 

e
P:oJg> 

e 
E

98IES!J F 
E

E c c.r.o Lö 
-H 

3

oEo)Etr

a.J.J\
EUac6z.<nU

ooooooII
o

(y) 1uern3

€6t

Pulsed fields up to about 10 T (peak) can be obtained by conventional 
solenoids, supplied by a discharging capacitor bank
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In shown arrangement with given inductance L of solenoid, an oscillating damped 
discharge is obained (switch S2 open). If S2 is closed at maximum field, the diode 
prevents capacitor from discharging with reversed polarity and current decays from 
maximum value with time constant 𝝉1 = L/R
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• Cooled: up to 20 T
• Uncooled: up to 3 T

1.1 Electromagnetic coils (cont.)



1. Production of Magnetic Field

Superconducting Solenoids

http://en.wikipedia.org/wiki/Superconducting_magnet

• DC fields up to about 20 T can be obtained by 
superconducting solenoids, commonly used for 
fields above 2 T

• Type II superconductor with high critical current 
and critical field: Nb-Ti or Nb3Sn

• Cooling of coil by liquid helium 
(4.2 K), sample temperature up 
to room temperature

• Shortcut of superconducting 
coil: persistant mode, no power 
consumption over months
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• Danger: quench by local heating
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1. Production of Magnetic Field

Evolution of the electromagnet: Solenoid, flux density at center C:

Solenoid with iron rod, flux density at center C:

B = µ0H = µ0
N • I

l

B = µ0(H + M) = µH
Iron has multiplied field due to the 
current by factor of µ ,
same field occurs just outside rod at P
      large field obtained with low current
(e.g. Hcoil = 1 mT, µ = 2000: Houtside = 2 T)
Problem: flux lines outside iron diverge 
and field decreases rapidly

Bended iron rod with gap:
Flux travels directly from pole to pole 
across gap. Contribution of iron to gap 
field (if saturated) = 2.15 T

DC fields up to 2 T, most commonly used magnetic field source in labs

1.2 Electromagnets



1. Production of Magnetic Field

Evolution of the electromagnet:

• Windings close to gap
• Core and yoke made of iron, 

annealed for high permeability
• Windings water-cooled
• Pole diameter: up to 30 cm
• Flat poles for uniform field
• Tapered poles: free poles formed 

on tappered surfaces contribute 
to field at gap center, can achieve 
fields higher than µ0Ms (> 3T for 
gap length of 5-10 mm). Optimum 
taper angle: 54,74°

• Pole pieces made of CoFe          
(Ms about 10% higher than for 
pure Fe)

DC fields up to 2 T, most commonly used magnetic field source in labs

Electromagnet:

1.2 Electromagnets (cont.)



1. Production of Magnetic Field

DC fields up to 2 T, most commonly used magnetic field source in labs
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Core tapering provides practical 

advantage in electromagnets, especially 

if the pole faces are made of the high 

saturation polarization Fe49Co49V2 alloy 

(Js = 2.35 T).   
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Flux density as fct of 
supply current in centre 

of gap of length lg

The larger gap, the smaller field.

Finite element simulations: 
lines and contour maps of induction B

1.2 Electromagnets (cont.)



1. Production of Magnetic Field
1.3 Permanent Magnets
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Fields up to ~2T by appropriate arrangement of permanent magnets

Technical design of 
Halbach cylinder: 
array of uniformly 
magnetized NdFeB 
magnets, uniform 
field accross 
diameter

Two concentric 
Halbach arrays: 
vectorial addition of 
flux density in centre.  
By synchronous but 
opposite rotation, the 
field strength can be 
continuously varied

Simplification of 
above aray: 
continuously varying 
field by counter 
rotation of 4 
transversly 
magnetized rods

One-sided field by superposition
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2.
Measurement of 

Magnetic Field Strength



2. Measurement of magnetic field strength

• Hall probe = plate made of InSb or GaAs semiconductor
• H-field perpendicular to plate distorts current path and emf 

eH is developed between a and b
• Multirange instruments, sensitive to field range from µT to 3T
• Uncertainty in field reading: 1-5% in hand-held Gaussmeters
• Alternating fields up to some 10 kHz can be measured
• Calibration by accuratly known fields required
• Low-field probes: zero must be set with probe in magnetically 

shielded cylinder to eliminate Earth‘s field Gaussmeter

2.1 Hall Probe

38 EXPERIMENTAL METHODS

any direction up to this sum. Using high-quality rare-earth permanent magnet materials, this
maximum field can be as high as 20 kOe or 2T, as noted above.

2.5 MEASUREMENT OF FIELD STRENGTH

The field 11 to which a specimen is subjected in a measurement of its magnetic properties
must be known, by calculation or measurement. If the field is produced by a solenoid,
the field strength can be calculated from the current, number of tums, and length of the
winding, since these quantities can all be determined with good accuracy. However, the
field in the gap of an electromagnet must be measured, because it depends not only on
the current in the windings but also on the geomeffy and magnetic properties of the core
and yoke. It is possible to measure this field for a range of magnet currents and prepare ca[i-
bration curves like those of Fig. 2.1 1, although these do not take account of the fact that the
field at a given current varies slight§ depending on whether the field is increasing or
decreasing, due to the hysteresis in the core material.

The two most common methods of measuring magnetic fields are by means of the Hall
effect and by elecüonically integrating the voltage induced in a search coil.

2.5.1 Hall Effect
This effectl occurs in any conductor carrying a current in the presence of a transverse mag-
netic field. If there is a current I in a plate-shaped conductor (Fig. 2.15), then two opposite
points a and & will be at the same potential in the absence of a magnetic fleld. When a fleld
H acts at right angles to the plate, the current path is distorted, and an er.rt esis developed
between a and b. The magnitude of this Hall emf is proportional to the product of the
current and the field:

,*: R*iH volt,t
(2.6)

where / is the thickness of the plate, and R11, the Hall constant, is a properly of the material.
The effect occurs both in metals and semiconductors, but is very much larger in the latter.

If I is kept constant, then es is a measure of fleld strength 11. If i is alternating, then e11 is
also alternating and can be easily amplified. The sensing element, called a Hall probe, is
usually the semiconductor InSb in commercial instruments. The probe can be made very
small, 1 mm2 or less, and is usually mounted on the end of a thin rod connected by a

Fig. 2.15 Sketch of a HaIl plate, showing the relationship between field, current, and emf.

lDiscovered in 1879 by the American physicist Edwin Ha11 (1855-1938) when he was a student under
H. A. Rowland at Johns Hopkins University.
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2. Measurement of magnetic field strength

• Faraday‘s law: a changing magnetic 
flux 𝜑 through a coil of N turns 
generates a voltage in coil propor-
tional to rate of change of flux:

Input
Output

Operational
amplifier

2.2 Fluxmeter

U(t) = –N dt
d𝜑

[Volt]

U(t) dt  = –N d𝜑

∫  U(t) dt  = –N ∫  d𝜑  = – N Δ𝜑
0

t

Φ1

Φ2

• Instrument to integrate voltage from pick-up coil is called fluxmeter                           
= electronic integrator (based on capacitive feedback around operational amplifier) 
that provides voltage output

• With B = 𝜑/A (flux density in pick-up coil of cross section A):

∫  U(t) dt  = – N A ΔB  [Vs]

 Uout = –1/RC ∫ Uin dt  

Fluxmeter measures 
changes in flux density



2. Measurement of magnetic field strength

• Faraday‘s law: a changing magnetic 
flux 𝜑 through a coil of N turns 
generates a voltage in coil propor-
tional to rate of change of flux:

Input
Output

Operational
amplifier

2.2 Fluxmeter

U(t) = –N dt
d𝜑

[Volt]

U(t) dt  = –N d𝜑

∫  U(t) dt  = –N ∫  d𝜑  = – N Δ𝜑
0

t

Φ1

Φ2

• Instrument to integrate voltage from pick-up coil is called fluxmeter                           
= electronic integrator (based on capacitive feedback around operational amplifier) 
that provides voltage output

• With B = 𝜑/A (flux density in pick-up coil of cross section A):

∫  U(t) dt  = – N A ΔB  [Vs]

 Uout = –1/RC ∫ Uin dt  

Fluxmeter measures 
changes in flux density

Measurement of 
constant field:

search coil must be 
moved to zero-field 

region, or rotated 
through 180°



2. Measurement of magnetic field strength
2.3 Fluxgate Magnetometer

• Instrument for accurate measurement of fields 
comparable to Earth‘s field (used in e.g. geomagnetic 
and archeological surveys)

• Principle: high-permeability soft magnetic strip or 
wire with drive and sense coil

• AC (triangular) current in drive coil drives strip to 
pos. and neg. saturation, sense coil picks up dB/dt

• No external dc field: symmetric B(H)-loop, 
positive and negative voltage pulses equally spaced

• With dc field H along strip: asymmetric loop, 
pulses unevenly spaced

• For triangular drive field: change in pulse    
spacing is direct measure for dc field

• Typical field range: 0.1 mT

470 SOFT MAGNETIC MATERIALS

Fig. 13,24 Simple form of fluxgate magnetometer. (a) High-permeability strip or wire with drive
coil and sense coil; (b) idealized hysteresis loops in zero applied field (left) and positive applied
field (right); (c) upper curve is triangular curent vs time in drive coil, lower curve is resulting
dB/dr signal in sense coil, both on the same time axis. Solid lines correspond to zero applied field,
dashed lines to small positive applied fleld.

exactly from its length, current, and number of turns, and is equal and opposite to the
unknown applied field. The fluxgate magnetometer measures just the component of the
magnetic field parallel to the axis of the device, which is sometimes an advantage, some-
times not. Various elaborations of the fluxgate magnetometer design have been proposed
and built, some of which use alternate detection systems. All are limited to the measurement
of 1ow fields, typically I or 2 Oe (80 or 160 A/m) maximum, by heating in the drive coil or
the canceling coil.
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2. Measurement of magnetic field strength
2.4 Magnetic Potentiometer
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(Rogowski-Chattok coil)
• Tightly wound coil whose ends lie in same plane
• Field at surface of magnetic sample is the same as internal field
• If no current flows in coil: line integral            around dotted path must be zero:∫ Hdl

• If field is uniform along L:
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• If output of coil is connected to 
integrator: the integrated voltage is pro-
portional to change of H along the line L

• Is used to measure magnetic field in    
flux-closing yokes (like singe sheet  
testers for electrical steel)



2. Measurement of magnetic field strength
2.5 Proton Precession Magnetometer

• High-precision measurement of weak magnetic field (like Earth‘s field, with 
uncertainty 1 ppm), also used for calibration

• Relies on Nuclear Magnetic Resonance (NMR): applyig magnetic field magnetic 
moment of nucleus rotates in selected quantum directions with resonance frequency 
which strictly depends on value of field

• To measure weak magnetic field (like Earth‘s field): 
• (1) sample (e.g. 1 liter of water) is exposed to strong dc magnetic field B0 (~10 mT) 

perpendicluar to the measured field Bx . B0 aligns certain fraction of proton 
moments along coil direction

• (2) B0 switched-off magnetic moments of protons align along Bx by decaying 

• Typical precessional 
frequency: a few kilohertz 
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FlcuRE 4.179
Block diagram of NMR magnetometer integrated in CMOS technology. (From Boerq G. et al., Retl Sci. lnstrum.,72,2764,2}Ol)
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FIGURE 4.180
Principle of operation of free proton precession magnetometer.

material, for higher range the heavy water doped with
GdCl3. Unfortunately, as is the case of all resonance mag-
netometers, the sensors require homogeneity of mea-
sured field-required homogeneity is about 1200ppm/
cm (for large magnetic field about 300ppm/cm).

4.7.3 NMR Magnetometers for Measurements
of Weak Magnetic Fields

The signal of above-described NMR sensors for very
weak magnetic field is covered by noise. Therefore, in
this range, quite a different principle is used (Figure
4.180). In first step, the sample of much larger volume
(typical 1L) is polarized using strong DC magnetic field
Bo perpendicular to the measured field 8,. In the second
step, the polarizing field is switched-off and the mag-
netic moment of protons begins to align parallel to the
external measured field. This process is performed by
decay precession movement.

The frequency of this precession movement depends
on the measured magnetic field with coefficient equal
to the gyromagnetic ratio. Thus, to measure the mag-
netic field value is sufficient to observe the periodic
signal of the sensor and to measure the frequency of
induced voltage.

The principle of operation of free-precession proton
magnetometer seems to be rather simple. No won-
der that it is possible to find in the Internet various

information about this type of magnetometers,
example, "Practical guidelines for building a
tometer by hobbyists" by Willy Bayot.* But a
ready to build the proton magnetometer can find
obstacles:

e The output signal of typical sensor is very
small (at the level of a few pV), often with noisy
and with industrial frequency interferences.
Therefore, high-quality amplifier is required.

o The time of precession is relatively short-sev-
eral seconds (see Figure 2.51). Moreover, fre-
quency of precession is not very high-Eartht
magnetic field 50pT corresponds with fre'
quency of only 2130}{2. Therefore, accurate
measurement of the output frequency is quite
difficult.

e To observe the precession, it is necessary to
ensure homogeneity of measured magnetic
field. Also, if the measured magnetic field is not
exactly perpendicular to the excited field FIo, the
precession cannot be detected.

+ In the Internet, it is possible to find a very useful paper by
Koehler, "Proton precession magnetometers." Unfor
address of this page is changing and the paper does not seem to
published in any printed source.
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material, for higher range the heavy water doped with
GdCl3. Unfortunately, as is the case of all resonance mag-
netometers, the sensors require homogeneity of mea-
sured field-required homogeneity is about 1200ppm/
cm (for large magnetic field about 300ppm/cm).

4.7.3 NMR Magnetometers for Measurements
of Weak Magnetic Fields

The signal of above-described NMR sensors for very
weak magnetic field is covered by noise. Therefore, in
this range, quite a different principle is used (Figure
4.180). In first step, the sample of much larger volume
(typical 1L) is polarized using strong DC magnetic field
Bo perpendicular to the measured field 8,. In the second
step, the polarizing field is switched-off and the mag-
netic moment of protons begins to align parallel to the
external measured field. This process is performed by
decay precession movement.

The frequency of this precession movement depends
on the measured magnetic field with coefficient equal
to the gyromagnetic ratio. Thus, to measure the mag-
netic field value is sufficient to observe the periodic
signal of the sensor and to measure the frequency of
induced voltage.

The principle of operation of free-precession proton
magnetometer seems to be rather simple. No won-
der that it is possible to find in the Internet various

information about this type of magnetometers,
example, "Practical guidelines for building a
tometer by hobbyists" by Willy Bayot.* But a
ready to build the proton magnetometer can find
obstacles:

e The output signal of typical sensor is very
small (at the level of a few pV), often with noisy
and with industrial frequency interferences.
Therefore, high-quality amplifier is required.

o The time of precession is relatively short-sev-
eral seconds (see Figure 2.51). Moreover, fre-
quency of precession is not very high-Eartht
magnetic field 50pT corresponds with fre'
quency of only 2130}{2. Therefore, accurate
measurement of the output frequency is quite
difficult.

e To observe the precession, it is necessary to
ensure homogeneity of measured magnetic
field. Also, if the measured magnetic field is not
exactly perpendicular to the excited field FIo, the
precession cannot be detected.

+ In the Internet, it is possible to find a very useful paper by
Koehler, "Proton precession magnetometers." Unfor
address of this page is changing and the paper does not seem to
published in any printed source.

BxB0

BxB0

precession movement. 
Frequency of precession is 
measured by measuring 
frequency of induced 
voltage in coil. Frequency 
depends precisely on Bx .



2. Measurement of magnetic field strength
2.6 SQUID Magnetometer

• SQUID: Superconducting 
Quantum Interference Device 
magnetometer

• Based on tunneling of 
superconducting electrons 
across narrow insulating gap, 
called Josephson junction

• Ring-shaped device, 
superconducting current from  
A to B, equal currents pass 
through each junction

• Changing magnetic flux through 
ring: induces „screening“ 
current in ring (Faraday‘s law) 
which generates magnetic field 
that cancels external flux. 
Induced current adds to 
measuring current in one 
junction, subtracts in other

A B

from 
Wikipedia



2. Measurement of magnetic field strength

• As soon as current in either 
branch exceeds the critical 
current of the Josephson 
junction, a voltage appears 
across the junction

• In superconducting ring the 
magnetic flux is quantized, i.e 
because of wave nature of 
superconducting current 
(quantummechanics) the flux 
enclosed by the ring must be 
an integer number of the flux 
quantum Φ0 = h/2e

A B

from 
Wikipedia

2.6 SQUID Magnetometer (cont.)



2. Measurement of magnetic field strength

• Now suppose the external flux 
is further increased until it 
exceeds Φ0 /2. Since the flux 
enclosed by the loop must be 
integer number of flux quanta, 
instead of screening the flux 
the SQUID now energetically 
prefers to increase it to Φ0. 
The screening current now 
flows in the opposite direction. 

•  screening current changes 
direction every time the flux 
increases by half integer 
multiples of Φ0  

critical current oscillates as 
a function of the applied flux  

voltage between A and B is 
function of applied magnetic 
field and a period equal to Φ0

A B

from 
Wikipedia

2.6 SQUID Magnetometer (cont.)



2. Measurement of magnetic field strength

• In practise: SQUID is not directly contacted 
with magnetic source, device is rather linked 
to transformer coil to measure flux from 
small sample, i.e. sample magnetization

• SQUID magnetometer is high-sensitivity 
static fluxmeter 

• Sensitivity: femto- to pico-Tesla

• Since SQUID requires low-T operation,        
it is usually used in conjunction with 
superconducting coil
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Figure 4.162 presents various examples of the planar
thin film SQUIDs-with a microbridge (Figure 4.162a
and b) or a superconductor-oxide-superconductor
junction (Figure 4.162c). OfterU the sensor is prepared
with the coil used as a flux transformer (Figure 4.1Od).
Usually, sensor is manufactured with the shunt thin-
film resistor prepared, for example, from molybdenum.

Preparation of the high-temperature SQUIDS (HT
SQUIDs) is more difficult. YBarCuuOT_, known as
YBCO is often used as the base material. This material
is not very suitable for deposition because it is ceramics.
Figure 4.163 presents some examples of the HT SQUIDs
joint. Two technologies are used: GB grain boundary
barrier (Figure 4.163a and b) or SNS-superconductor-
normal-superconductor material (Figure 4.163c and d).

Usually the SQUID device is not directly contacted
with the magnetic source. For this purpose special
flux transformer is used, often in form of gradiometer.
Frequently the second coil is coupled directly with
SQUID structure in form of a spiral as it is presented
in Figure 4.1Od. Both the flux transformer and the
SQUID device one are in special vacuum flask known
as Dewar. Such cryostat is filled with liquid helium in
the case of LT SQUID (boiling point 4.2 K) or with liquid
nitrogen in the case of HT SQUID (boiling pointTTK)
(Figure 4.164).

The detected flux density depends on the area of
the sensing coil. Because SQUID is usually very small
(less than 1mm2), larger pick-up coil in flux trans-
former helps in improvement of sensitivity. The mutual

(d)(")(b)(a)

Handbook of Magnetic Measurements
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FIGURE 4.162
The examples of the planar thin-film LT SQUIDs design. (From Cantor, R. and Ludwig, F., SQUID fabrication technology, in Tfte
Handbook, Clarke ]. and Braginski A.I. (Eds.) Chapter 3, Wiley-VCH Verlag, Weinheim, Germany,2004; Koelle, D. et al., Teo. Modern Phys.,
631.,1999.) #
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FIGURE 4.163
The examples of the thin-film HT SQUIDs design. (From Koelle, D. et al.,Teo. Modern Phas.,71.,631.,1999.)

inductance between transformer coil and SQUID
and the inductance of the coil of flux transformer
should be matched to the inductance of the SQUID
(Koch 1989):

Msp: nLss and h: n2Lsa @.

where n is the number of turns of spiral coil.
The conditions (4.106) are rather difficult to

because usually inductance of the spiral coil is of
nH while the inductance of the SQUID is of several

FIGURE 4.164
The flux transformer and the Dewar flask used for SQUID

Φx

SQUID

SQUID magnetometry II

flux transformers and gradient coils

pick-up loops for larger flux-sensitive areas

cm2 vs µm2

s.c. wire

sensitivity range: 1012 µB – 1020 µB

background signal (sample holder, substrate)

2.6 SQUID Magnetometer (cont.)



3.1 Magnetic measurements
3.2 Mechanical measurements
3.3 Resonance techniques
3.4 Dilatometric measurements
3.5 Domain methods

3.
Magnetic Measurements to 

determine material parameters 
& properties



General aspects
Magnetic field H

3. Magnetic Measurement …
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Field produced by currents: 
Lines of H are continuous and form 
closed loops

Field produced by magnetic poles: 
Lines of H begin at north poles and 
end at south poles (here: Happlied = 0)

NS

NS

H

M

Hdem

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



• B = µ0 (H + M) = µ0 (Happlied – Hdem + M)
• If Happlied = 0: Hdem is only field acting, and 

B = – µ0Hdem + µ0M

• µ0Hdem can never exceed µ0M , i.e. flux 
density B inside magnet is always smaller 
than µ0M, but in same direction

General aspects
Magnetic field H and Induction B

3. Magnetic Measurement …

Field produced by magnetic poles: 
Lines of H begin at north poles and 
end at south poles (here: Happlied = 0)

NS

NS

H

M

B

NS Hdem

• Lines of B are continuous, from S to N 
inside magnet, outside µ0H = B

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



General aspects
Magnetic field H and Induction B

3. Magnetic Measurement …

B

NS

• Flux density of bar magnet is not uniform: 
B-lines diverge towards the ends flux 
density is less than in center

• Reason: 
Hdem is stronger near the poles 

Hdem

• Exception: rotational ellipsoid: 

B



General aspects
Finite sample in applied field H

3. Magnetic Measurement …

• When soft magnetic body is placed in field, 
it alters shape of field. 

• This is demonstrated by asuming a fully 
magnetized bar magnet. The total field Btotal 
is the vector sum of applied field Bapplied and 
B-field of magnet

• The flux tends to crowd into the magnet, as 
though it were more permeable than sur-
rounding air ( term „permeability“). At 
points outside the magnet: field is reduced

• The same result is obtained if the body that 
is placed in the field is originally unmagneti-
zed, because the field itself will produce 
magnetization (for material with µ >> 1)

• For strongly magnetic materials the 
disturbance of field is considerable

Bapplied = µ0 Happlied

Bmagnet

Btotal



General aspects
Closed and open samples

3. Magnetic Measurement …

NS

H

Hdem

NS M

Happlied

Internal field:  Hin = Happlied – N•M

Hdem – N•M

• Open sample

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

• 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).
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General aspects

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

3. Magnetic Measurement …

Closed and open samples

Hin (intern. field)

Hdem



MH
s  =

 –
N
M

Hi, Ha

M(Ha)

M(Hi)

Hin , Happlied

M(Happlied)

M(Hin)

H
dem  = –NM

• Internal field:  Hin = Happlied – N•M
• Relevant for magnetic materials is 

the M(Hin)-curve, as it is 
independent of the sample shape

• If a magnetization curve was 
measured on a finite sample, it has to 
be re-sheared. 

General aspects

3. Magnetic Measurement …

Closed and open samples Demagnetization effect
 ➞ Shearing of magnetizaton curve



General aspects

3. Magnetic Measurement …

Influence of demagnetizing factor

M

H

H1

H2

H1

H2

H||

H⊥ H⊥

H||

M

H

M

H

H1

H2

H1

H2

H||

H⊥

• Influence of sample shape on hysteresis 
curve: Shape anisotropy

• Larger demag. factor ➞ stronger shearing 
of magnetizaton curve

N||  < N⊥



Demagnetizing factor Can only be calculated exactly for rotational ellipsoid
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Prolate ellipsoid

Oblate ellipsoid

Na + Nb + Nc = 1 (a, b, c: main axes of ellipsoid)N along a-axis

Sphere: a = b = c Na =1/3 = Nb = Nc

General aspects

3. Magnetic Measurement …



116 3 Domain Theory

Sketch 3.5.

that the double x difference can be performed in advance. The energies can
then be expressed as a function of:

FRR(y, z) = 2 [F220(1, y, z) − F220(0, y, z)] . (3.31)

The integral F220 can also be used to calculate the demagnetizing factor of
uniformly magnetized rectangular bodies. We define the energy-demagnetizing
factor N en by Ed = N enKdV , where Ed is the stray field energy of the par-
ticle saturated along the axis in question, and V is the volume [compare
(3.24)]. Calculating the self- and interaction energies of the resulting surface
charges we obtain the demagnetizing factors of rectangular bodies as shown
in Fig. 3.4.
(D) General Features and Numerical Techniques. A number of general prop-
erties of the stray field interaction and possibilities for its evaluation can be
most easily demonstrated with the help of discretized formulations like (3.30),
although they could also be proven within the continuum approach presented
in (A).

• The total stray field energy can be expressed in a particularly convenient
way, if the cells form a periodic lattice. Let the n cells be given by their

Fig. 3.4. The energy-demagnetizing factor of uniformly magnetized rectangular
bodies as a function of their shape. As in the case of ellipsoids (3.23), the demagne-
tizing factors along the three axes obey Nen

a + Nen
b + Nen

c = 1

Demagnetizing factor Numerical calculation for rectangular body

General aspects

3. Magnetic Measurement …

Na + Nb + Nc = 1 applies



Flat disk 
(thickness a; b = c       ∞): 

Na ≈ 1; 
Nb = Nc ≈ 0

ab
c

Disk prefers to be 
magnetized in-plane

a

b
c

Long cylinder 
(b = c; a       ∞):

Na ≈ 0; 
Nb = Nc ≈ 1/2

Cylinder prefers to 
be magnetized in 

longitudinal direction

Sphere
(a = b = c):

Na = Nb = Nc  = 1/3
a

bc
no prefered direction for 

magnetization

Demagnetizing factor
General aspects

3. Magnetic Measurement …



 

Anhysteretische (idealisierte) Magnetisierungskurve.

Jedem angelegten Feld wird ein abnehmendes Wechselfeld 
überlagert, welches Hindernisse beim Magnetisierungsprozess 
überwinden hilft. Dabei stellt sich annähernd diejenige 
Magnetisierung ein, deren entmagnetisierendes Feld dem 
angelegten Feld gleich ist. Die Anfangssteigung der 
Magnetisierungskurve ist dann dJ/dH = 1/N

Idealized M(H) curveM

H

• Experimental determination of the 
demagnetization factor:

• For every dc-field an ac-field of decreasing 
amplitude is superimposed (helps to over-
come barriers in magnetization process) 

• Then approximately that magnetization is 
achieved, the demagnetizing field of which 
is equal to the applied field

• The initial slope of the magnetization   
curve is  dM/dH = 1/N

Demagnetizing factor
General aspects

3. Magnetic Measurement …

• Demagnetizing factor of compact bodies is often well 
approximated by that of inscribed ellipsoid

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).
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• If possible: avoid demagnetization 
effect by chosing proper sample 
geometry for magnetic measurement

N = 1/3N ≈ 0



Conclusion (demagnetization problematics): 
General aspects

3. Magnetic Measurement …

The long-range nature of the demagnetizing field makes the 
measured property of any test specimen geometry-dependent

Demagnetizing field should be avoided when characterizing 
soft magnetic materials

Demagnetizing field can be tolerated when characterizing 
hard magnetic materials, provided it is accurately known and 
is possibly uniform

For finite, non-ellipsoidal samples the magnetization is non-
uniform due to demagnetizing effects has to be considered 
when placing pick-up coil for inductive measurements



–Hc Magnetic field H0

–Mr

–Ms

M
ag

n.
 M

Initial 
magnetization curve

Hysteresis curve

Coercivity Hc

Saturation 
magnetization Ms

Remanence Mr

Demagnetized 
state

Hysteresis curve:
General aspects

3. Magnetic Measurement …



B(H) = µ0 (H + M)

Permanent
magnet

Hysteresis curve: B and M
General aspects

3. Magnetic Measurement …

• 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)

µ0 H [T]

µ 0
 M

 [T
]



Hysteresis curve: Susceptibility

Susceptibility χ

dMχ in =
dH M = 0

Initial 
susceptibility

M = χ • H

M

Reversible 
susceptibility

M/Ms

H

Total susceptibility:

dMχ dif = dH

Mχ tot = H

Differential suscept.:

χ

χ in

M/Ms

χ dif

χ tot

χ rev

A

B

H
A

B

General aspects

3. Magnetic Measurement …



General aspects

3. Magnetic Measurement …

Hysteresis curve: Anisotropy

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

mi = Magnetization components along cubic axes (direction cosine)

• Magnetic anisotropy is defined as energy differences needed for saturation along 
different axes Magnetic anisotropy can be determined from M(H)-curve for 
single crystals by comparing magnetization curves along hard- and easy directions

Kci = Anisotropy constants

• Example: cubic magnetocrystalline anisotropy (case of iron)

m = [100]:	

 eKc = 0
m = [110]:	

 m1 = m2 = 1/√2

m = [111]:	

 m1 = m2 = m3 = 1/√3

	



eKc = Kc1 (1/2 + 0 + 0) = Kc1/4

eKc = Kc1 (1/9 + 1/9 +1/9) + 1/27 Kc2
= 1/3 Kc1 + 1/27 Kc2 m1 = 1/√2 = cos 45°

m = [110]

m
2 =

 1
/√

2

m

[100]

[010]
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Fig. 4.5. Calculated magnetization curves along simple crystal directions for ideal
cubic crystals (a) with positive anisotropy (Kc1 > 0). Anisotropy constants can
be derived from the areas above the magnetization curves. The curve along the
[111] axis depends on the second anisotropy constant Kc2 as demonstrated for three
examples. Either the curvature of the magnetization curve or the relation between
initial slope and area gives access to the second-order anisotropy constant of uniaxial
crystal as demonstrated in (b)

(i) Hysteresis effects make the determination of the area ambiguous. Relying
on the idealized magnetization curve (which is obtained by superimposing
an alternating field of decreasing amplitude onto every d.c. field) offers
a fair solution to this problem. If it is not practical, one may choose the
mean value between the two hysteresis branches to get at least a rough
estimate.

(ii) The second problem arises from the non-ideal behaviour in the approach
to saturation. Internal stresses, inclusions and shape irregularities lead
to a rounding of the magnetization curve. These effects depend on the
magnetization direction because the magnetization deviations around such
irregularities are influenced by anisotropy. The direct determination of the
anisotropy from the magnetization curves is therefore mostly unreliable.

Highly textured materials are used as transformer steels and permanent
magnets. Magnetization curves along different axes of such materials can be
evaluated in a similar way as single crystals, if either the texture is known
from independent measurements, or if the texture can be deduced from mea-
surements along different directions [819, 820].

(B) The Approach to Saturation in Polycrystals. If the deviation from satu-
ration is measured for an untextured, polycrystalline sample over a wide field
range, this deviation can be analysed in terms of inverse powers of the applied
field. The anisotropy constants can in principle be derived from the evaluated
coefficients [821] as elaborated below. The approach to saturation is, however,
influenced by two further processes [503]: the effect of defects and localized
inhomogeneities, and the so-called paraprocess, i.e. the suppression of ther-

[100]M/Ms

H/HK



• Limitations:

• Hysteresis effects make the determination of the area ambiguous. Relying on the 
idealized magnetization curve offers fair solution to this problem

• Non-ideal behaviour in approach to saturation. Internal stresses, inclusions and 
shape irregularities lead to a rounding of the magnetization curve. These effects 
depend on the magnetization direction because the magnetization deviations 
around such irregularities are influenced by anisotropy. The direct determination 
of the anisotropy from the magnetization curves is therefore often unreliable
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Hysteresis curve: Anisotropy

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

mi = Magnetization components along cubic axes (direction cosine)

• Magnetic anisotropy is defined as energy differences needed for saturation along 
different axes Magnetic anisotropy can be determined from M(H)-curve for 
single crystals by comparing magnetization curves along hard- and easy directions

Kci = Anisotropy constants

• Example: cubic magnetocrystalline anisotropy (case of iron)
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Singular Point Detection in polycrystals

Hysteresis curve: Anisotropy

• Detects singularities in magnetization curve of polycrystalline sample which are 
caused by singular contributions from certain grains 

• Compare magnetization curves of uniaxial 
particles: There are field orientations 
for which curves are smooth, for others 
they show characteristic jumps               
= first-order magnetization transitions

192 3 Domain Theory

Fig. 3.46. Combining the
stable solutions shown in
Fig. 3.45b, hysteresis curves
of a uniaxial particle may be
derived. Here longitudinal
(m∥) and transverse (m⊥)
magnetization components
are shown as a function of
the longitudinal field h∥
(along the easy axis of the
particle) for different values
of a transverse bias field
h⊥. As in Fig. 3.45b, the
external field is expressed in
terms of the anisotropy field
HK = 2K/Js

• The parameter value ϕ∗, corresponding to the footpoint of the tangent, is
an equilibrium magnetization angle for the given field.

• This magnetization direction is identical with the tangential vector, di-
rected from the tangential point towards the tip of the field vector.

This surprising theorem is related to the mathematical theory of envelops
[620], which also deals with the manifold of tangents to a curve.

Among all tangent points possible for a given field, some yield (meta-)
stable and some unstable magnetization directions. For the astroid (3.97) we
find four tangents if the field vector lies inside the astroid (Fig. 3.45b) and
two otherwise. In the first case two tangent solutions are stable, in the second
case there is only one stable solution. The stable solutions are those with the
smaller angle relative to the easy axis.

Evaluating these solutions for a series of field values, one may derive com-
plete hysteresis curves as shown in Fig. 3.46 for the simple uniaxial particle.
Here the longitudinal magnetization curves, as well as the simultaneously oc-
curring transverse magnetization excursions, are shown for different transverse
bias fields. Note the strong influence of the bias field on coercivity, which de-
creases from HK = 2K/Js to zero as the transverse bias field increases from
zero to HK. (Plotting the coercive field as a function of the bias field we obtain
again the astroid Fig. 3.45b.)

Another important magnetic property is the transverse susceptibility χ⊥,
the change in transverse magnetization Js sin ϕ with a small field H⊥ perpen-
dicular to the easy axis. This quantity depends on the applied d.c. field and on
the magnetization angle ϕ. It can be derived from the equilibrium condition
(3.93), and, using the equation for the stability limit (3.94), it can be written
as:

• In polycrystalline sample: jumps of accor-
dingly oriented grains will show up          
as singularities (maxima) in the second 
derivative of the magnetization curve, 
while the other grains only contribute         
to a smooth background 

Determination of anisotropy field HK
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ideal initial permeability is determined by the demagnetizing effect only, thus
measuring the effective demagnetization factor, but no intrinsic properties of
the sample. Polycrystalline uniaxial samples show a complicated behaviour
governed by the interaction between wall displacements and demagnetizing
effects within and between the grains, globally described by an obscure “in-
ternal demagnetizing factor”. No fundamental information can therefore be
derived from anhysteretic magnetization curves of polycrystals.

Idealized permeability measurements are useful if a regime of purely
rotational magnetization exists. Then the rotational permeability µ∗ (see
Sect. 3.2.5F) is directly related to anisotropy (more precisely, to a second
derivative of the generalized anisotropy functional). Also induced and magneto-
elastic anisotropies in polycrystalline cubic or amorphous materials can be de-
termined in this way. Small magnetostriction constants in amorphous ribbons
can be determined by measuring the magnetization curve along the hard axis
under external stress [824].

The limitations discussed in this section apply to the longitudinal mag-
netization (the one measured along the applied field) and to polycrystalline
samples. As mentioned before, the transverse magnetization curves of single
crystals are equivalent to torque curves, thus offering anisotropy measure-
ments in principle with the same accuracy as with the torque method.

(C) Singular Point Detection in Polycrystals. This method, invented by Asti
and Rinaldi [825], detects singularities in the magnetization curve of a poly-
crystalline sample which are caused by singular contributions from certain
grains. Take the different magnetization curves plotted in Fig. 3.38 for cu-
bic materials. There are field orientations for which the curves are smooth.
For other orientations they show characteristic kinks or even jumps (first-
order magnetization transitions). In a polycrystalline sample, the kinks and
jumps of accordingly oriented grains will show up as singularities (maxima) in
the second derivative of the magnetization curve, while the other grains only
contribute to a smooth background (Fig. 4.6). The derivative of the magneti-
zation is recorded electronically in pulsed field experiments [826]. If a peak is
detected, its field position can be related to the anisotropy field by a detailed

Fig. 4.6. An example of a recorded sig-
nal in a singular point detection mea-
surement. (Courtesy R. Grössinger ,
Vienna)

Courtesy R. Grössinger, Vienna

dM
 2 

/d
t 2

• In polycrystalline sample: jumps of accor-
dingly oriented grains will show up          
as singularities (maxima) in the second 
derivative of the magnetization curve, 
while the other grains only contribute         
to a smooth background 

Determination of anisotropy field HK



FORC: First Order Reversal Curve
General aspects

3. Magnetic Measurement …

Major hystersis loop

a single 
FORC

Hsat

• This process is repeated for many values of Ha 
yielding a series of FORCs, and the measured 
magnetization at each step as a function of Ha and 
Hb gives M(Ha, Hb) distribution

• The FORC distribution ρ(Ha, Hb) is defined as the 
mixed second derivative of the M(Ha, Hb) - surface:
ρ(Ha, Hb) = – ∂2M(Ha, Hb)/∂Ha ∂Hb

• ρ(Ha, Hb) is plotted as contour- or 3D-plot

• A FORC is measured by satu-
rating sample in field Hsat, 
decreasing the field to a 
reversal field Ha, then 
sweeping field back to Hsat in 
a series of equal field steps 
Hb. The magnetization curve 
between Ha and Hb is a FORC

Ha

Hb

M(Ha, Hb)



FORC: First Order Reversal Curve
General aspects
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Case A 
ρ(Ha, Hb) = 0

Case B 
ρ(Ha, Hb) < 0

Case C 
ρ(Ha, Hb) > 0

A

B

A

B

A

B

Ha

Hb



FORC: First Order Reversal Curve
General aspects
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• Alternatively ρ can be plotted in coordinates of (HC, HB), where HC is the local 
coercive field and HB is the local interaction or bias field
This transformation is accomplished by a rotation of the coordinate system defined 
by: HB = (Ha + Hb) /2 and HC = ( Ha – Hb)/2

• FORC distribution eliminates purely reversible components of magnetization process.
Thus any non-zero ρ corresponds to irreversible switching processes

• FORC thus provide insight into relative proportions of reversible and irreversible 
components of the magnetization process. Examples:
• Exchange-coupled nanocomposite permanent magnet material: investigation of 

magnetostatic- and exchange interactions between hard and soft phases

• Exchange-biased spin-valves: studies of the switching distribution and exchange 
bias in materials where the switching of the free layer magnetization is strongly 
influenced by the magnetic state of the fixed layer

• Arrays of magnetic nanowires, nanodots or nanoparticles: investigation of 
irreversible magnetic interactions or processes in the array due to coupling 
between adjacent wires, dots or particles



FORC: First Order Reversal Curve
General aspects

3. Magnetic Measurement …

• Example: nanodot array of different dot diameter. 
Distinctly different reversal mechanisms, despite only 
subtle differences in the major hysteresis loops. 

ployed to study details of the magnetization reversal. After
saturation, the magnetization M is measured starting from a
reversal field HR back to positive saturation, tracing out a
FORC. A family of FORC’s is measured at different HR, with
equal field spacing, thus filling the interior of the major hys-
teresis loop !Figs. 2"a#–2"c#$. The FORC distribution is de-
fined as a mixed second order derivative17–21

!"HR,H# % −
1
2

!2M"HR,H#
!HR!H

, "1#

which eliminates the purely reversible components of the
magnetization. Thus any nonzero ! corresponds to irrevers-
ible switching processes.19–21 The FORC distribution is plot-
ted against "H ,HR# coordinates on a contour map or a three-
dimensional "3D# plot. For example, along each FORC in
Fig 4"a# with a specific reversal field HR, the magnetization
M is measured with increasing applied field H; the corre-
sponding FORC distribution ! in Fig. 4"b# is represented by
a horizontal line scan at that HR along H. Alternatively ! can
be plotted in coordinates of "HC ,HB#, where HC is the local
coercive field and HB is the local interaction or bias field.
This transformation is accomplished by a simple rotation of
the coordinate system defined by: HB= "H+HR# /2 and HC
= "H−HR# /2. Both coordinate systems are discussed in this
paper.

III. RESULTS

Families of the FORC’s for the 52, 58, and 67 nm nan-
odots are shown in Figs. 2"a#–2"c#. The major hysteresis
loops, delineated by the outer boundaries of the FORC’s,
exhibit only subtle differences. The 52 nm nanodots show a

FIG. 1. Scanning electron micrograph of the 67 nm diameter
nanodot sample. Inset is a histogram showing the distribution of
nanodot sizes.

FIG. 2. First-order reversal curves and the corresponding distributions. Families of FORC’s, whose starting points are represented by
black dots, are shown in "a#–"c# for the 52, 58, and 67 nm Fe nanodots, respectively. The corresponding FORC distributions are shown in
three-dimensional plots "d#–"f# and contour plots "g#–"i#.

DUMAS et al. PHYSICAL REVIEW B 75, 134405 "2007#

134405-2

Courtesy Kai Liu, Davis
Phys. Ref. B 75, 134405 (2007)



In principle any point within or on the hysteresis loop can be obtained 
by choosing the right field history

1. Thermal
demagnetization

2. Cyclic (ac)
demagnetization

2. dc-field
demagnetization

B B

Heating above 
Curie temperature 

and cooling in 
absence of 

magnetic field
H H

Demagnetiziation
General aspects

3. Magnetic Measurement …

3 possibilities, to „demagnetize“ a magnet (M = 0) :

MM

H H



3.1 Magnetic measurements
3.2 Mechanical measurements
3.3 Resonance techniques
3.4 Dilatometric measurements
3.5 Domain methods

3.
Magnetic Measurements to 

determine material parameters 
& properties



3.1 Magnetic Measurements

b) Magnetometric methods

c) Optical magnetometry

For finite samples: demagnetizing field, which is proportional to 
mean magnetization (Hdem = –NM), is measured

Surface magnetization is measured by magneto-optic effect, 
useful for thin films where signal of inductive or magnetometric 

methods are too weak

a) Inductive methods
Sample surrounded by coil, in which voltage is induced when 

magnetization of sample is changed or when sample is moved.
Voltage is integrated signal proportional to magnetization



3.1 Magnetic Measurements
a) Inductive methods
Extraction Method

• Based on flux change in pick-up coil when sample is extracted from coil, or when 
specimen and pick-up coil together are extracted from field
Total flux through pick-up coil:

If sample is removed from pick-up coil, the flux through the coil becomes:

Fluxmeter will record a value proportional to flux change:

• Extraction method measures M directly, rather than B

66 EXPERIMENTAL I\4ETHODS

A fourth approach, which is often used, is to make the specimen into parl of a closed
magnetic circuit, so that the free poles causing the demagnetizing field are largely elimi-
nated. This is done by clamping the sarr-rple into some form of nragn elic yoke, the resulting
device is known as a permettmeter.Lt is described in more detail below.

If a large number of identical rod sarnples are to be tested using a fluxmeter, time will be
saved by slipping each rod into a single search coil, previously wound on a nonmagnetic
fom. Since the cross-sectional area A" of the search coil will be larger than the area A,
of the specim en, an ttir-.flux correction must be made for the flux in air outside the specimen
but inside the search coil:

dobserved : drp..i,r.n * d"t,
Boppu..nu4, - Brrr"A, + H(A, - A') (cgs) : B.r.A, - FoH(A, - As) (SI)

B'u.:8.0,.",.,, - r(o'o.o') ,.sr, - B,npr"n, - poH(o'o.o'; ,t,,

2,11 INSTRUMENTS FOR MEASURING MAGNET]ZATION

(2.42)

2.11.1 Extraction Method
This method is based on the flux change in a search coil when the specimen is removed
(extracted) frorn the coil, or when the specimen and search coil together are extracted
from the fleld. When the solenoid in Fig. 2.35 is producing a magnetic fleld, the total
flux through the search coil is

Qt:BA: (H +4rM)A - (11,, - H1l4rM)A-(H" NaM *4rM)A (cgs)

or

Qt-BA- p"s(H +M)A: tr.{Ha-Ht1 M)A- Fo(H^-NaM +M)A(SI) (2.43)

where A is the specimen or search-coil area. (The two are assumed equal here to simpiify
the equations, i.e., the air-flux corection is omitted.) If the specimen is suddenly removed

S.t"""td 
I

Fig. 2.35 Arrangement for measuring a rod sample in a magnetizing solenoid. Two procedures are

possible: (1) solenoid current is varied continuously and fluxmeter output is recorded continuously;
(2) at a series of constant solenoid current values the sample (not the search coil) is moved to a pos-
ition of etl'ectively zero field, and the fluxmeter reading is recorded. This is the extraction method.
Procedure 1 measnres B vs H; procedure 2 measures M(4r - N) (cgs) or 1L'sMl1 - N) (SD.
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Pick-up coil
To fluxmeter

Sample

Solenoid

H

A: specimen or pick-up coil area

• Vibrating sample 
magnetometer may be 
regarded as kind of partial 
extraction method



Secondary winding
(= pick-up coil)

Flux meter

Primary 
winding

Ring sample

3.1 Magnetic Measurements
a) Inductive methods

Measurement of closed circuit samples
• Conventional setup with primary 

and secondary winding

• Procedure: vary current 
through primary winding 
and measure its magni-
tude by voltage drop 
across shunt:

simultanously integrate output voltage 
from secondary winding with fluxmeter

H = nI/LFe

• Measures flux density B, not M

I: current, n: winding no.



• Faraday‘s law: a changing magnetic 
flux 𝜑 through a coil of N turns 
generates a voltage in coil propor-
tional to rate of change of flux:

Input
Output

Operational
amplifier

U(t) = –N dt
d𝜑

[Volt]

U(t) dt  = –N d𝜑

∫  U(t) dt  = –N ∫  d𝜑  = – N Δ𝜑
0

t

Φ1

Φ2

• Instrument to integrate voltage from pick-up coil is called fluxmeter = electronic 
integrator (based on capacitive feedback around operational amplifier) that provides 
voltage output

• With B = Φ/A (flux density in pick-up coil of cross section A):

∫  U(t) dt  = – Npick-up Apick-up ΔB  [Vs]

 Uout = –1/RC ∫ Uin dt  

Fluxmeter measures 
changes in flux density

Measurement of magnetic field strength
Fluxmeter



• Faraday‘s law: a changing magnetic 
flux 𝜑 through a coil of N turns 
generates a voltage in coil propor-
tional to rate of change of flux:

Input
Output

Operational
amplifier

U(t) = –N dt
d𝜑

[Volt]

U(t) dt  = –N d𝜑

∫  U(t) dt  = –N ∫  d𝜑  = – N Δ𝜑
0

t

Φ1

Φ2

• Instrument to integrate voltage from pick-up coil is called fluxmeter = electronic 
integrator (based on capacitive feedback around operational amplifier) that provides 
voltage output

• With B = Φ/A (flux density in pick-up coil of cross section A):

∫  U(t) dt  = – Npick-up Apick-up ΔB  [Vs]

 Uout = –1/RC ∫ Uin dt  

Fluxmeter measures 
changes in flux density

Measurement of magnetic field strength
Fluxmeter

• Pick-up coil filled with (e.g.) iron: 

∫  U(t) dt  = – Npick-up AFe ΔB ΔB  = – 
Npick-up AFe

1 ∫  U(t) dt
0

t



Secondary winding
(= pick-up coil)

Flux meter

Primary 
winding

Ring sample

3.1 Magnetic Measurements
a) Inductive methods

Measurement of closed circuit samples
• Conventional setup with primary 

and secondary winding

• Procedure: vary current 
through primary winding 
and measure its magni-
tude by voltage drop 
across shunt:

simultanously integrate output voltage 
from secondary winding with fluxmeter

H = nI/LFe

• Measures flux density B, not M

I: current, n: winding no.



Secondary winding
(= pick-up coil)

Flux meter

Primary 
winding

Ring sample

3.1 Magnetic Measurements
a) Inductive methods

Measurement of closed circuit samples
• Conventional setup with primary 

and secondary winding

• Procedure: vary current 
through primary winding 
and measure its magni-
tude by voltage drop 
across shunt:

• Can be used for quasistatic and dynamic 
hysteresis measurements of closed circuit or 
elongated samples (demag. factor N → 0)

• Such geometry is indispensable for high-
permeability, soft magnetic samples

simultanously integrate output voltage 
from secondary winding with fluxmeter

H = nI/LFe

• Measures flux density B, not M

I: current, n: winding no.



3.1 Magnetic Measurements
a) Inductive methods

Measurement of closed circuit samples
468 SOFT MAGNETIC MATERIALS

(a) Stacked laminations (b) Tape-wound core (c) Powder core

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

tape-wound corrs are available made from material ranging from 0.014 to 0.000125 inch
(0.36-0.0032mm) thick. Powder (dust) cores are made of iron powder or iron-nickel
alloy powder, about 50- 100 pm in diameter and therefore multidomain, each particle elec-
trically insulated by a suitable coating, and the whole pressed into a solid form, often a ring.
Powder cores are intended for high-frequency applications, up to about 100 kHz. At these
frequencies, losses would be intolerable in bulk metallic materials, but subdivision of the
metal into fine powder effectively eliminates the eddy culrents that cause the loss. This
result is achieved at the expense of a very large decrease in permeability, to values of the
order of 10-100, even when the powder is made of high-permeability alloy particles.
The reason is simply that each particle is effectively surrounded by an "air gap" of insulat-
ing material, and the intemal demagnetizing fields are therefore large. As a result the hys-
teresis loop is sheared over, resembling Fig. 9.43b, arrd the permeability becomes constant
over a considerable range of fleld. At still higher frequencies, in the megahertz range, ferrite
cores have better properties than any metal powder cores because of their inherently high
elecffical resistivity. The major applications of soft magnetic alloys are the following.

Special Transformers Permalloy-type or amorphous alloys are used as ffansfomer
cores in cases where high permeability, low losses, or constant permeability are required.
A case of special impofiance is the transformer used in ground-fault interrupters, which
are circuit breakers designed to cut off power to a device if a potentially dangerous
amount of current is leaking to ground. Both the current supply wire and the return wire
pass through the core of a miniature transformer, and act as the primary winding (see
Fig. 13.22).If there is no leakage current in the device, the two currents are equal and oppo-
site, so no field is applied to the core and no flux change occurs. Ifthere is a leakage current,
the supply current is greater than the return curent, and the net current applies a nonzero ac
fleld 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 I20 Y, trips the
circuit breaker.

Fig. 13.22 Ground-fault intemrpter circuit (schematic). If the current to the load is not equal to the
current from the load, a signal voltage appears on the sensor winding and trips the circuit breaker.
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468 SOFT MAGNETIC MATERIALS

(a) Stacked laminations (b) Tape-wound core (c) Powder core

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

tape-wound corrs are available made from material ranging from 0.014 to 0.000125 inch
(0.36-0.0032mm) thick. Powder (dust) cores are made of iron powder or iron-nickel
alloy powder, about 50- 100 pm in diameter and therefore multidomain, each particle elec-
trically insulated by a suitable coating, and the whole pressed into a solid form, often a ring.
Powder cores are intended for high-frequency applications, up to about 100 kHz. At these
frequencies, losses would be intolerable in bulk metallic materials, but subdivision of the
metal into fine powder effectively eliminates the eddy culrents that cause the loss. This
result is achieved at the expense of a very large decrease in permeability, to values of the
order of 10-100, even when the powder is made of high-permeability alloy particles.
The reason is simply that each particle is effectively surrounded by an "air gap" of insulat-
ing material, and the intemal demagnetizing fields are therefore large. As a result the hys-
teresis loop is sheared over, resembling Fig. 9.43b, arrd the permeability becomes constant
over a considerable range of fleld. At still higher frequencies, in the megahertz range, ferrite
cores have better properties than any metal powder cores because of their inherently high
elecffical resistivity. The major applications of soft magnetic alloys are the following.

Special Transformers Permalloy-type or amorphous alloys are used as ffansfomer
cores in cases where high permeability, low losses, or constant permeability are required.
A case of special impofiance is the transformer used in ground-fault interrupters, which
are circuit breakers designed to cut off power to a device if a potentially dangerous
amount of current is leaking to ground. Both the current supply wire and the return wire
pass through the core of a miniature transformer, and act as the primary winding (see
Fig. 13.22).If there is no leakage current in the device, the two currents are equal and oppo-
site, so no field is applied to the core and no flux change occurs. Ifthere is a leakage current,
the supply current is greater than the return curent, and the net current applies a nonzero ac
fleld 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 I20 Y, trips the
circuit breaker.

Fig. 13.22 Ground-fault intemrpter circuit (schematic). If the current to the load is not equal to the
current from the load, a signal voltage appears on the sensor winding and trips the circuit breaker.
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Stacked lamination468 SOFT MAGNETIC MATERIALS

(a) Stacked laminations (b) Tape-wound core (c) Powder core

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

tape-wound corrs are available made from material ranging from 0.014 to 0.000125 inch
(0.36-0.0032mm) thick. Powder (dust) cores are made of iron powder or iron-nickel
alloy powder, about 50- 100 pm in diameter and therefore multidomain, each particle elec-
trically insulated by a suitable coating, and the whole pressed into a solid form, often a ring.
Powder cores are intended for high-frequency applications, up to about 100 kHz. At these
frequencies, losses would be intolerable in bulk metallic materials, but subdivision of the
metal into fine powder effectively eliminates the eddy culrents that cause the loss. This
result is achieved at the expense of a very large decrease in permeability, to values of the
order of 10-100, even when the powder is made of high-permeability alloy particles.
The reason is simply that each particle is effectively surrounded by an "air gap" of insulat-
ing material, and the intemal demagnetizing fields are therefore large. As a result the hys-
teresis loop is sheared over, resembling Fig. 9.43b, arrd the permeability becomes constant
over a considerable range of fleld. At still higher frequencies, in the megahertz range, ferrite
cores have better properties than any metal powder cores because of their inherently high
elecffical resistivity. The major applications of soft magnetic alloys are the following.

Special Transformers Permalloy-type or amorphous alloys are used as ffansfomer
cores in cases where high permeability, low losses, or constant permeability are required.
A case of special impofiance is the transformer used in ground-fault interrupters, which
are circuit breakers designed to cut off power to a device if a potentially dangerous
amount of current is leaking to ground. Both the current supply wire and the return wire
pass through the core of a miniature transformer, and act as the primary winding (see
Fig. 13.22).If there is no leakage current in the device, the two currents are equal and oppo-
site, so no field is applied to the core and no flux change occurs. Ifthere is a leakage current,
the supply current is greater than the return curent, and the net current applies a nonzero ac
fleld 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 I20 Y, trips the
circuit breaker.

Fig. 13.22 Ground-fault intemrpter circuit (schematic). If the current to the load is not equal to the
current from the load, a signal voltage appears on the sensor winding and trips the circuit breaker.
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446 SOFT MAGNETIC MATERIALS

Although core losses in a transformer might appear insignificant, in that they constitute
less than 27o of the output of a large transformer, they add up to a very large amount,
because almost all generated electric power passes through multiple ffansformers before
reaching the consumer. In the early twenty-first century, the annual electrical energy con-
sumption in the United States was about 4x10i2kW-h. If all this power passed
through four ffansformers (one step-up transformer at the power plant, three successive
step-down transformers in the local distribution system), each extracting 1.57o of the
power as heat, the lost power is about 240xi0ekw-h. This is electric power generated
by the power company but not paid for by consumers. At a wholesale price of $0.05 per
kW-h, its value is something like $12 billion. This cost is borne almost entirely by the elec-
tricity producers (or distributors, since the two are now often separated). There is a strong
incentive to reduce core losses by even fractions of a percent. However, lower losses gen-
erally mean increased capital cost-better magnetic material, thicker copper wires, etc. The
balance between power savings and capital costs is influenced by more than engineering
considerations: tax laws and utility regulations are also significant.

The standard method of measuring core loss is the Epstein /esl, which simulates the
operation of a ffansformer at zerc load. This test has been standardizedby national and inter-
national organizations. The test material is in the form of strips 28 cm long and 3 cm wide,
having a total weight of 2kg. (This amounts to a total of 88 strips, if they are cut from sheet
0.014 inch or 0.36 mm thick). The strips are inserted into four solenoids arranged in a
square, and mounted on a base with the strips interleaved at the corners to form a square
core, as shown in Fig. 13.5. The solenoids form a square 25 cm (10 inch) on each side.
Each solenoid has an inner, secondary winding S of 175 turns and an outer, primary
(magnetizing) winding P of 175 turns; the four primary windings are connected in series
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• B = μ0H + J 

3.1 Magnetic Measurements
a) Inductive methods

Measurement of closed circuit samples

If J(H) is to be measured instead of B(H): Air flux compensation required to 
subtract effect of applied field

• Compensation coil arrangement: 2 coils with equal winding areas A1•N1 = A2•N2 
(A1,2: cross sectional area of coils, N1,2: number of turns) are connected 
electrically in opposition → difference signal is proportional to magnetization 
alone, i.e. without specimen in pick-up coil: no flux recorded by fluxmeter, with 
specimen in pick-up coil: fluxmeter reads J = B – μ0H 
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• Two possibilities: (i) two 
identical coils arranged side 
by side; (ii) external layers 
of the winding of a coil can 
be connected in such a way 
that their winding area is 
equal and opposite to the 
core winding area 
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3.1 Magnetic Measurements
a) Inductive methods

Measurement of closed circuit samples
• Measurement of field strength:

• Signal induced in compensation coil can also be 
used to measure the effective internal field

• Maxwell’s equations: tangential component of 
magnetic field must be equal on both sides of 
sample surface (if no current is flowing in 
sample surface) 

• → A coil placed close to the surface may 
therefore measure the internal field 

• With this technique the unsheared 
magnetization curve can be measured even for 
short samples

• Alternative: Rogowski-Chattok coil



3.1 Magnetic Measurements
a) Inductive methods

Loop tracer for magnetic films

MESA
http://www.shbinstruments.com

FEATURES:
• Real time measurements (ten loops per second)

• No need to cut wafers

• High sensitivity for measuring very small samples

• Excellent accuracy and repeatability

• Advanced DSP signal processing

• Optional autoloader and autorotation

• Accommodates wide range of sample sizes
and thicknesses

• Magnetoresistance (MR/GMR)

• Magnetostriction

• Measurements (partial list)

The above waveform is from a 3Å thick sample, only
18 mm in diameter. On other hysteresis loop tracers, a
sample with this tiny amount of magnetic material
would show only noise, but the MESA is capable of
producing quality hysteresis loops.
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• Br

• Bs

• R

• ∅R

• Hc

• He

• Hk

• Magnetostriction

• Dispersion

• Skew

• Low-frequency sinewave sweeps (1 to 10 Hz)

• Field strength to 1000 Oe

• 0.01 to 10,000 nWb/division vertical sensitivity
range

• Digital background subtraction to cancel ambient
fields

• Earth’s field cancellation

• Two-axis drive coils

• R and ∅R probing without moving wafer

• Electronically reconfigurable probes with optional
R/∆R wafer mapping

• Cursor for detailed waveform measurements

• shbWin control software provides flexible and
friendly instrument operation

• AutoTest point and click interface for R&D and
production recipe management

• Supports user-written program control of all
instrument functions and measurements

• Digitize multiple hysteresis loops; display on PC
and save to disk

• Remote instrument operation and troubleshooting
via modem or internet

• GEM/SECS support available

14:07:07 Procedure: [Demo] Seq #: 1 Sweep averaging (15 sweeps)

TEST MEASUREMENT CONSTANT DRIVE AVERAGES FREQ SIGMA
Bs h 2.996 nWb 25.00 Oe 10 10 Hz .0042 nWb
Hk 6.764 Oe 3.513 Oe 10 10 Hz
Hc h .4843 Oe 25.00 Oe 10 10 Hz .0228 Oe
Br h .2136 nWb 25.00 Oe 10 10 Hz .0106 nWb
Bs e 2.985 nWb 10.00 Oe 10 10 Hz .0061 nWb
Thick e 387.9 A 10.00 Oe 10 10 Hz
He e .0023 Oe 10.00 Oe 10 10 Hz .0076 Oe
Br e 2.974 nWb 10.00 Oe 10 2 Hz .0096 nWb
Hc e 2.993 Oe 10.00 Oe 10 2 Hz .0113 Oe
Dispk 50 1.773 deg .2094 Oe 1 10 Hz
Disps 50 1.753 deg .7654 Oe 1 10 Hz
Skew 0.774 deg .3378 Oe 1 10 Hz
R raw 1.278 Ohms 1
R sheet 4.992 Ohms *3.904 1
Dr 2.055 % 25.00 Oe 10 2 Hz
Dr rot 2.093 % 25.00 Oe 10 2 Hz

SPECIFICATIONS:
Substrate diameter: 2 to 300mm, depending on instrument model and pickup size
Models:
MESA-200: 200 mm (8 inches) maximum sample diameter
MESA-300: 300 mm (12 inches) maximum sample diameter

Maximum Magnetizing (H) Field:
MESA-200: 1000 Oersteds Normal axis; 100 Oersteds Transverse axis
MESA-300: 750 Oersteds Normal axis; 75 Oersteds Transverse axis

Induction (B) Field Range: 0.01 to 10,000 nanoWeber/division
Autoloader/Autorotator: Optional
Repeatability: <0.25%; <0.5% for 20Å films
Accuracy: 1% or better (can be calibrated to customer standard)
Resolution: 0.008% of full scale
Sweep Frequency Range: 1 to 10 Hz
Drive Amplifiers: High-reliability amplifiers producing precision sinewave drive fields
Computer System: CPU with LCD flat-panel monitor and color inkjet printer
Computer Software: Microsoft Windows XP; Shb Instruments shbWin control and

programming package; Shb AutoTest recipe database management;
Remote control and diagnostic software; GEM/SECS support
available

Dimensions: 50 in. (127 cm) H x 48 in. (122 cm) W x 33 in. (84 cm) D
Drive Coil Diameters:
MESA-200: 15 in. diameter Normal axis solenoid; 18 in. Transverse axis
MESA-300: 20 in. diameter Normal axis solenoid; 25 in. Transverse axis

Power Requirements: 115/220 Volts AC, 20 amps, 50/60 Hz

OPTIONAL PICKUP
ASSEMBLIES

AutoTest
Point &
Click
Recipe
Interface

Solenoid
Coil

shbWin Software

19215 Parthenia Street, Suite A, Northridge, California 91324
818-773-2000 / fax: 818-773-2005 / www.shbinstruments.com

OPTIONAL PICKUP
ASSEMBLIES

SPECIFICATIONS:

Piickup Assemblies

©2003. Shb Instruments, Inc. All rights reserved. Printed in the USA

• Magnetostriction
• R/∆R Wafer Mapping
• Autorotation
• Autoloading
• Custom sample shape

(e.g. bulk materials)

Soft magnetic film, 0.3 nm 
thick, diameter 18 mm

Shb Instruments has been producing a
line of industry-leading Magnetic Measurement
Systems since 1976. Unlike competing instruments,
the MESA Series uses the latest all digital circuitry
and signal processing technology to measure
BH loops, magnetoresistance and magnetostriction on
full, uncut wafers in real time (10 loops per second),
for faster, more convenient measurements in both
R&D and production environments.

The MESA is fully certified to both SEMI and CE
safety standards.

Higher field and 300 mm capability make the
MESA perfectly suited for GMR, MRAM and other
head and sensor applications.

The MESA combines unprecedented sensitivity
and repeatability with high field strength, in a new
smaller and more cost-effective instrument. It is
designed for a wide range of sample sizes —from 2
to 300 mm in diameter.

This latest generation instrument features our easy

to use shbWin control software. The AutoTest point
and click interface provides unprecedented ease of
use as well as a production-ready recipe database.

The patented pickup assemblies (U.S. Patent No.
6,538,432) are available in models for various
sample sizes, as well as those optimized for
magnetostriction and other special purpose
measurements. Wafer autoloading and autorotation
are also available as options.

The MESA is the only instrument of its type that
can make measurements in the frequency range of
10 Hz and below for maximum accuracy.

All instruments are equipped with a background
subtraction feature, to digitally cancel ambient
magnetic fields and allow for operation at extremely
high sensitivities, even in relatively noisy magnetic
environments. Any remaining noise is dramatically
reduced by sophisticated new digital signal
processing algorithms.

MESA-300

• Highly sensitive commercial instrument to 
inductively measure M(H) loops in soft 
magnetic films

• Helmholtz coils: field up to 100 mT

• Frequency 1 - 10 Hz

• Alternative to Vibrating Sample 
Magnetometer

Pick-up assemblies

http://www.lot-qd.de
http://www.lot-qd.de


3.1 Magnetic Measurements
a) Inductive methods

(Quasi-)static magnetization
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• Quasistatic M(H) measurement: 
rate of magnetization dB/dT 
and time for complete 
hysteresis cycle have to be low 
enough to eliminate all dynamic 
effects (like eddy currents, 
relaxaton processes etc.)

• Quasistatic loop is narrower 
than AC loop; 

• Quasistatic coercivity is always 
lower than dynamic coercivity

50% NiFe alloy
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3.1 Magnetic Measurements
a) Inductive methods
Dynamic magnetization

• AC magnetization at low excitation level:

• Field amplitude below coercive field          
(Rayleigh region)

• Relationship between AC flux density and AC 
field strength can be represented by ratio factor 
(permeability) and phase angle (magnetic loss 
angle due to eddy currents)

• Can be described in terms of classical eddy 
current theory
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3.1 Magnetic Measurements
a) Inductive methods
Dynamic magnetization

• AC magnetization at high excitation level:

• AC excitation into region of maximum permeability and up to saturation

• Severe distortions of magnetization due to non-linear behaviour of ferromagnetic 
material (S-like or rectangular hysteresis loops). Reason: 
• At high excitation level: material is subjected to rapid changes of H(t) or B(t)
• Local magn. flux density cannot follow changes due to eddy curents
• Consequence: Magnetization curve depends on frequency and mode of excitation

• 2 modes of dynamic magnetization: 

• Voltage -controlled magnetization: induced voltage is controlled to be sinusoidal 
(by feedback loop) → sinusoidal flux density B(t) → magnetizing current I(t) 
becomes dependent. Recommended as IEC standard

• Current-controlled magnetization: magnetizing current is controlled to be 
sinusoidal (by high-impedence power source) → sinusoidal field strength H(t) → 
U(t) and B(t) become dependent.

cont.



3.1 Magnetic Measurements
a) Inductive methods
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→ Induced voltage 
U(t) also exhibits 
sinusoidal waveform
→ H(t) heavily 
distorted

→ Step-wise char-
acteristics of B(t). 
Abrupt changes of 
B(t) are traversed in 
short time interval
→ Spikes in induced 
voltage U(t)
→ Large eddy 
currents, sheared loop

Dynamic magnetization
high excitation level
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• Wattmeter method (e.g.)

• Measures core loss (not 
copper loss)

• Losses are measured at 
certain maximum flux 
density and given frequency

• Total weight of sample is 
recorded, and losses are 
reported in W/kg

3.1 Magnetic Measurements
a) Inductive methods
Loss measurement
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3.1 Magnetic Measurements
a) Inductive methods
Loss measurement



3.1 Magnetic Measurements
a) Inductive methods

Vibrating Sample Magnetometer (VSM)

346 4 Material Parameters for Domain Analysis

the magnetization at the ends of non-ellipsoidal samples is not representative
for the whole volume. The situation is different if the sample is placed inside
a yoke of soft magnetic material. Then a thin pick-up coil in a thin gap
between the sample and the yoke measures only the flux density and is not
influenced by demagnetizing fields. This arrangement offers the advantage of
being applicable to different sample cross-section shapes.

(B) Vibrating Sample Magnetometers. The VSM [806–808] combines advan-
tages of the magnetometric and static inductive methods. In the standard
design (Fig. 4.4) the sample is placed inside a magnet and vibrated perpen-
dicular to the field direction. The signal from a pair of pick-up coils with many
windings is compared with the signal induced in a pair of reference coils by
a permanent magnet. This arrangement is insensitive to static fields of any
geometry, so that strong external fields can be applied without adverse effects.
Some instruments use superconducting magnets that are able to saturate even
hard magnetic materials. Since the sample is well-separated from the pick-up
coils, it can be surrounded by cooling or heating devices. The sensitivity of
the method is limited mainly by the noise mechanically transmitted from the
vibrator to the pick-up coils, which is well suppressed in commercial models.
The sample magnetization is static in the VSM, so that no eddy current effects
have to be considered. The shape of the sample is largely arbitrary with the
same limitations as for the magnetometric technique.

Fig. 4.4. The principle of the vibrating sample magnetometer (a). The sample is
oscillated by means of a loudspeaker coil. The signal induced in the pick-up coils is
compared electronically with the voltage induced in the reference coils. Alternatively,
a variable capacitor setup can be used here. The sample can be enclosed in heating
or cooling stages. Two alternate pick-up coil arrangements are shown in (b), the
arrows indicating the sensitivity directions of the individual coils

• Sample placed inside magnet and vibrated perpendicular to 
field direction (frequ. ~ 100 Hz, vibration ampl. ~ 0.1 mm)

• Oscillating magnetic field of moving sample induces 
alternating voltage in pick-up coil, whose magnitude is 
proportinal to magnetic moment of sample

• The pick-up signal is amplified with lock-in amplifier and 
compared with the signal induced in a pair of reference 
coils by a permanent magnet or by some variable capacitor 
setup (only sensitive to vibration frequency)

• Strong external fields can be applied (superconducting 
magnets for hard magnetic materials)

• Since sample is well-separated from the pick-up coils, it 
can be surrounded by cooling or heating devices 

• The sample magnetization is static in the VSM, so that     
no eddy current effects have to be considered

• The shape of the sample is largely arbitrary 
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being applicable to different sample cross-section shapes.

(B) Vibrating Sample Magnetometers. The VSM [806–808] combines advan-
tages of the magnetometric and static inductive methods. In the standard
design (Fig. 4.4) the sample is placed inside a magnet and vibrated perpen-
dicular to the field direction. The signal from a pair of pick-up coils with many
windings is compared with the signal induced in a pair of reference coils by
a permanent magnet. This arrangement is insensitive to static fields of any
geometry, so that strong external fields can be applied without adverse effects.
Some instruments use superconducting magnets that are able to saturate even
hard magnetic materials. Since the sample is well-separated from the pick-up
coils, it can be surrounded by cooling or heating devices. The sensitivity of
the method is limited mainly by the noise mechanically transmitted from the
vibrator to the pick-up coils, which is well suppressed in commercial models.
The sample magnetization is static in the VSM, so that no eddy current effects
have to be considered. The shape of the sample is largely arbitrary with the
same limitations as for the magnetometric technique.

Fig. 4.4. The principle of the vibrating sample magnetometer (a). The sample is
oscillated by means of a loudspeaker coil. The signal induced in the pick-up coils is
compared electronically with the voltage induced in the reference coils. Alternatively,
a variable capacitor setup can be used here. The sample can be enclosed in heating
or cooling stages. Two alternate pick-up coil arrangements are shown in (b), the
arrows indicating the sensitivity directions of the individual coils

• Sample placed inside magnet and vibrated perpendicular to 
field direction (frequ. ~ 100 Hz, vibration ampl. ~ 0.1 mm)

• Oscillating magnetic field of moving sample induces 
alternating voltage in pick-up coil, whose magnitude is 
proportinal to magnetic moment of sample

• The pick-up signal is amplified with lock-in amplifier and 
compared with the signal induced in a pair of reference 
coils by a permanent magnet or by some variable capacitor 
setup (only sensitive to vibration frequency)

• Strong external fields can be applied (superconducting 
magnets for hard magnetic materials)

• Since sample is well-separated from the pick-up coils, it 
can be surrounded by cooling or heating devices 

• The sample magnetization is static in the VSM, so that     
no eddy current effects have to be considered

• The shape of the sample is largely arbitrary 
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• Direct method. Ideally, no calibration would be needed to derive the magnetization of 
the sample if pick-up coil geometry and sample volume are known and if magnetic field 
could be generated by a simple air coil

• However: for electromagnets the pole material interacts with the measuring process: 
“mirror images” of the sample are formed by the presence of soft magnetic iron yokes

3.1 Magnetic Measurements
a) Inductive methods

• Mirror images also induce 
voltage in pick-up coil

• Strength of mirror images depends 
on permeability of iron yoke that in 
turn depends on the induction level 
in magnet

•  VSM must be calibrated by 
replacing sample by nickel sample of 
the same size and shape, and to rely 
on the accurately known saturation 
magnetization of nickel

Vibrating Sample Magnetometer (VSM)
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although physicaly it  

results from increase 
in signal at low fields
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3.1 Magnetic Measurements
a) Inductive methods

• VSM measures magnetic moment and therefore magnetization M – whereas fluxmeter 
methods measure flux density B

• VSM is best method to measure the saturation magnetization Ms of any material 
because high field can be applied to reach saturation

• VSM less useful for measurement of other parameters of magnetization curve in soft 
magnetic materials because of demagnetization effects (real field unknown). 
Exception: thin films. For high-anisotropy or hard magnetic materials, however, the 
VSM is the preferred instrument for many kinds of magnetic measurements

• Sensitivity: 10–5 emu  =  10–8 Am2  small samples (< 1 gramm)

• Pick-up coil arangements to measure 
longitdinal and transverse magnetization 
components 

• SQUID magnetometer: high-sensitive 
variant of VSM. Pick-up signal trans-
formed to SQUID device outside magnet
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the magnetization at the ends of non-ellipsoidal samples is not representative
for the whole volume. The situation is different if the sample is placed inside
a yoke of soft magnetic material. Then a thin pick-up coil in a thin gap
between the sample and the yoke measures only the flux density and is not
influenced by demagnetizing fields. This arrangement offers the advantage of
being applicable to different sample cross-section shapes.

(B) Vibrating Sample Magnetometers. The VSM [806–808] combines advan-
tages of the magnetometric and static inductive methods. In the standard
design (Fig. 4.4) the sample is placed inside a magnet and vibrated perpen-
dicular to the field direction. The signal from a pair of pick-up coils with many
windings is compared with the signal induced in a pair of reference coils by
a permanent magnet. This arrangement is insensitive to static fields of any
geometry, so that strong external fields can be applied without adverse effects.
Some instruments use superconducting magnets that are able to saturate even
hard magnetic materials. Since the sample is well-separated from the pick-up
coils, it can be surrounded by cooling or heating devices. The sensitivity of
the method is limited mainly by the noise mechanically transmitted from the
vibrator to the pick-up coils, which is well suppressed in commercial models.
The sample magnetization is static in the VSM, so that no eddy current effects
have to be considered. The shape of the sample is largely arbitrary with the
same limitations as for the magnetometric technique.

Fig. 4.4. The principle of the vibrating sample magnetometer (a). The sample is
oscillated by means of a loudspeaker coil. The signal induced in the pick-up coils is
compared electronically with the voltage induced in the reference coils. Alternatively,
a variable capacitor setup can be used here. The sample can be enclosed in heating
or cooling stages. Two alternate pick-up coil arrangements are shown in (b), the
arrows indicating the sensitivity directions of the individual coils
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3.1 Magnetic Measurements
a) Inductive methods
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3.1 Magnetic Measurements

b) Magnetometric methods

c) Optical magnetometry

For finite samples: demagnetizing field, which is proportional to 
mean magnetization (Hdem = –NM), is measured

Surface magnetization is measured by magneto-optic effect, 
useful for thin films where signal of inductive or magnetometric 

methods are too weak

a) Inductive methods
Sample surrounded by coil, in which voltage is induced when 

magnetization of sample is changed or when sample is moved.
Voltage is integrated signal proportional to magnetization



b) Magnetometric measurements

3.1 Magnetic Measurements

• Magnetometer measures dipolar field generated by magnetized sample with the 
help of field detection device (like Hall probe)

344 4 Material Parameters for Domain Analysis

crystalline and free from excessive lattice defects. Magnetostriction constants
can be derived under the same conditions if the measurements are performed
as a function of an external stress.

Usually single crystals are needed to derive anisotropic properties from
magnetization measurements. Under favourable circumstances, however, cer-
tain anomalies in the first or second derivative of the near-saturation magne-
tization curve of polycrystals can be used to derive anisotropy constants.

4.3.2 Magnetometric Methods

The classical magnetometer measures the dipolar field generated by a mag-
netized sample with the help of a rotatable needle. Nowadays some electronic
field detection device such as a Hall probe is preferred. In an arrangement
as in Fig. 4.3 the difference signal of the two probes is proportional to the
magnetic moment of the sample, and insensitive to the driving field.

A drawback of magnetometric methods is their sensitivity to non-uniform
external fields. An advantage is that arbitrarily slow magnetization processes
can be followed. The probes must be placed sufficiently far away from the
sample, so that only its dipolar field is detected. This means that the sam-
ples should preferably be small and short, but apart from this condition they
can be of any shape. Hard and high-anisotropy magnetic materials are there-
fore better suited than soft magnetic materials where demagnetization will
dominate the intrinsic properties of short samples.

In the magnetometric method the sample can be easily exposed to vari-
ous environmental conditions such as high or low temperature or mechanical
stress. The method is inexpensive and readily implemented. A requirement
is that the driving field does not change its geometry when varying the field
strength, which might happen if the setup contains ferromagnetic components
or impurities.

4.3.3 Inductive Measurements

Magnetization measurements based on induction integrate the voltage induced
in a pick-up coil to obtain a signal that is proportional to the magnetization.
The inductive effect can be produced by various methods: in the classical way

Fig. 4.3. An example of a setup
for the magnetometric measure-
ment of the magnetization. The
two field probes are connected
in series and give a positive sig-
nal for fields along the arrow di-
rections. The compensation coil
is operated oppositely in series
with the field coil

• In shown arrangement the dif-
ference signal of the two 
probes is proportional to the 
magnetic moment of the 
sample, and insensitive to the 
driving field

• Probes must be placed suffi-
ciently far away from sample, so 
that only its dipolar field is detected samples should be small and short, but can 
be of any shape hard and high-anisotropy materials better suited than soft 
magnetic materials where demagnetization will dominate the intrinsic properties of 
short samples

• Advantages: (i) any sample shape, (ii) arbitrarily slow magnetization processes can 
be followed, (iii) sample can be easily exposed to various environmental conditions 
such as high or low temperature or mechanical stress.
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Magneto-optical Kerr effect
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3.1 Magnetic Measurements
c) Optical magnetometer

• Magneto-optical Kerr effect is linear 
function of magnetization and therefore 
well-suited for magnetometry

• For non-transparent material optical 
magnetometry makes sense only for thin 
films for which surface magnetization is 
representative 

• Advantages: (i) direct, (ii) quasi-static and 
dynamic measurements, (iii) Space- 
resolved measurements are possible by 
scanning over the surface. (iv) Optical 
measurements can be performed on-line 
during preparation or treatment of a material for example inside vacuum chamber

• Noise suppression: feed split-off part of laser light as reference signal into 
amplifier. If polarization of light is modulated by a spinning analyser or electro-
optical device, the magnetic signal can be detected by a lock-in amplifier, thus 
achieving virtually unlimited sensitivity



3.1 Magnetic Measurements
c) Optical magnetometer

4.3 Magnetic Measurements 349

Sketch 4.1.

observed. This can be caused by the Faraday effect in the optical components
of the magnetometer and is easily corrected.

Another problem lies in the exact dependence of the signal on the mag-
netization direction. For every setting of polarizer and analyser at oblique in-
cidence a certain in-plane magnetization direction yields the maximum Kerr
effect signal, while the perpendicular direction is inactive. The ‘sensitivity
direction’ has to be adjusted to agree with the desired measuring direction.
The difficulty of determining the sensitivity direction can be avoided by us-
ing the pure transverse Kerr effect. The polarizer is set parallel to the plane
of incidence and the analyser can be omitted (see Sketch 4.1). Then only the
component of the magnetization perpendicular to the plane of incidence causes
a variation of the reflected intensity, which can be detected electronically.

An advantage of the transverse design is that it fits nicely into a magnet
and also into a Kerr microscope [159]. In this way the local variation of mate-
rial parameters can be measured in a controlled way at a micrometre resolu-
tion [206], while observing at the same time the magnetic microstructure. The
transverse optical magnetometer also avoids possible influences of magneto-
optical effects that are quadratic in the magnetization components and which
may lead to asymmetrically distorted magnetization loops [817, 818].

4.3.5 Evaluation of Magnetization Curves

Apart from saturation magnetization, several anisotropic quantities can be
determined with more or less accuracy from magnetization curves. This is
possible in a relatively direct way for single crystals by comparing magneti-
zation curves along hard and easy directions. Polycrystalline materials need
a more careful evaluation before they can yield useful results.
(A) Single-Crystal Measurements. The determination of anisotropy energy
terms from the magnetization curves seems to be most straightforward since
magnetic anisotropy is defined as the energy differences needed for satura-
tion along different axes. The calculated curves for cubic and uniaxial crystals
(Fig. 4.5) demonstrate how to derive directly the anisotropy constants from
the differences of the areas above the magnetization curves. The shearing
transformation to be applied for finite samples would not change these rela-
tions. In practice, however, there are two kinds of complications that limit
drastically the usefulness of this method:

• Use of transverse Kerr effect (T-MOKE)

• Polarizer set parallel to the plane of incidence and 
analyser omitted

• M-component perpendicular to the plane of incidence 
causes variation of the reflected intensity, which 
can be detected electronically

• Fits nicely into electromagnet 

• Polar Kerr magnetometer (P-MOKE)
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3.1 Magnetic measurements
3.2 Mechanical measurements
3.3 Resonance techniques
3.4 Dilatometric measurements
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determine material parameters 
& properties



3.2 Mechanical Measurements

a) Torque magnetometer

Principle: 
Measurement of mechanical forces on magnetic sample

Most direct method to measure anisotropy

b) Field gradient mathods
Faraday Balance and Alternating Gradient Magnetometer

Two possibilities:
• A uniform field H, acting on uniformly magnetized 

sample of magnetization M and volume V, 
generates a mechanical torque Tm = µ0V H × M

• Gradient of non-uniform field generates a 
mechanical force Fm = µ0V grad(M•H) H
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3.2 Mechanical Measurements
a) Torque magnetometer

• Torque measurements offer most direct methods for 
measuring anisotropies 

• Requires uniform, single-crystalline samples, preferably of 
spherical or disk shape 

• Example: crystal with cubic anisotropy:
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Anisotropy energy:

Torque (assumption: Ms || H):

210

The

MAGNETIC ANISOTROP\

torque on the crystal is then

dEL - - de: -Ktsin29 cos20'

L: -\sinko.2

E : Ko* (f)t'*t + sir?201 . e)( sinag cos20).

(7.10)

This equation is plotted in the lower part of Fig. 7.13. The torque goes through a fuII cycle
in a 90" rotation of the disk. The peak value of the curve is 'f K1l2 and the zenc-crossing
slopes are *2K1. No information about K2 results. The polar diagram of Fig. 7.14 clearly
shows the minima in anisotropy energy in (100) directions and the maxima in (110).

If a disk is cut parallel to {110}, as in Fig. 7.1, it will have three principal crystal direc-
tions in its plane, and both K1 arrd K2will contribute to the torque curve. If M. is in the (110)
plane of Fig. 7.1 and at an angle 0 to [001], the direction cosines of M"are c\: atz:
(sin 0lJ2) and a3 : cos 0. Equation 7.1 then becomes

(7.tr)

When this equation is differentiated to flnd the torque, the result is an equation in powers of
sin 0 and cos 0. This may be transformed into an equation in the sines of multiple angles:

This form of the equation shows immediately the various components of the torque: the
term in sin20 is the uniaxial component (like EquationT.6), the term in sin40 is the
biaxial component (like Equatiol 7 .14), etc. Figure 7.15 shows the torque curve obtained
on a { 1 i0} disk cut from a crystal of 3.857o silicon iron (iron containing 3.85 wtTo silicon in
solid solution). The points are experimental, and the curve is a plot of Equation 7.12 with
values of the constants chosen to give the best flt. There €Lre many published experiments on
single crystals of iron with 3-4 wtTo silicon. This is because these alloys are much easier to

Fig. 7.14 Polar plot of crystal anisotropy E as a function of direction in the (001) plane of a cubic
crystal. K1 is positive and taken as 5Ke.

3K,\- I sin60. (7.12\64/L: -#: -(+.X)sin2o - (+. *),,"0'*

t0l0l
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• Anisotropy constant can be 
measured by torque measurement



3.2 Mechanical Measurements
a) Torque magnetometer

214 N/AGNETIC ANISOTEOPY

For automatic recording of torque curves, two basic possibilities exist

l. Passiye Sensing. The torque magnetometer can be br"rilt with a very stiff torsion
structure and equipped with a sensitive way to measure the angle of twist. For
example, resistance strain gages can be used to measure small elastic strains in e

thin-walled torsion tube. Or sensitive position detectors such as linear variable diff'er-
ential transformers (LVDTs) can be used to detect small displacernents of pointers
attached above and below a stiff torsion-sensing fiber. Such a system can have the
advantage that the sample is rigidly suppor"ted in the air gap of the electromagnet.
so that no bearing is required to limit the sideways motion of the sample. This
design is best suited to the measurement of rclatively large torques-large anisotrop-r.
or lrlge sample. or both.
Active Sensinq. The sample can be hung from a very sensitive torsion fiber, aud fitted
with a feedback mechanism to supply the balancing torque. Figure 7.17 shows a

common arrangement. The top of the sampie rod canies a coil of flne wire, which
is placed in the fieid of a small permanent magnet. This is exactly the configuration

Torsion liber

Light source

Split photoccll

Electlomagnel

Low-tiiction
bearing

Fig. 7.17 Automatic recording torque magnetometer.
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Example: Torque meter with active sensing

• Sample hung from sensitive torsion fiber, 
placed in electromagnet that can be rotated

• Torque coil, placed in field of permanent 
magnet. Current through torque coil: coil 
experiences torque proportional to current

• Sensing circuit (light beam, mirror, photocell) 
provides feedback signal that drives a 
current through the torque coil to balance 
the anisotropy torque of sample

• Value of current through torque coil is 
proportional to torque on sample



3.2 Mechanical Measurements
b) Field gradient methods

Faraday Balance
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• Measures static force on sample in 
magnetic field gradient:

• A non-spherical body in homogeneous 
field will rotate till its long axis is 
parallel to field (compass needle)

• Field gradient: in body of positive 
susceptibilit χ   poles of strength p are 
produced

• Since field is stronger at north pole 
than at south pole: net force Fx to 
right, with m = magnetic moment and     
v = volume of body

• Body will move toward region of greater 
field strength (to right)



3.2 Mechanical Measurements
b) Field gradient methods

Faraday Balance
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• Force can be detected and compensated by a 
calibrated electromagnetic counter-force. 
Compensation current is measure of force.   
Only quantity needed: sample volume

• Highly sensitive, can be applied to all kinds of 
magnetic substances

• In ferromagnetism it is best suited to measure 
the saturation magnetization with high precision

• Measures static force on sample in magnetic field gradient

• Uniform field is generated by electromagnet, and the gradient field is produced 
by an additional coil-set, optimized for a uniform magnetic gradient along y-axis

• If sample is mounted elastically, it is displaced by force :
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ßig.2.46 Orientations of para- and diamagnetic rods in the f,eld of an elecffomagnet'

If the field Il has componen ts H*, HY H,, then H2 : I*. + ti, + ü, andthe force on the

body in the x direction is

Diamagnetic rod

F*: (X - XiuHy
dHt
dx

F,:

aH"\-t.
ox) (2.61)

12.62)

\2.63)

ry(#.'#-x)
*(u.*.u,ff+u,

It is often necessary to correct for the effect of the medium, usually air, in which the body
exists, because the susceptibility X of the body may not be greatly different from the sus-

ceptibility 16 of the medium. The force on the body then becomes

F^: (X - xo)D(r.** or* , n,*)-

because motion of the body in the *x direction must be accompanied by motion of an equal

volume of the medium in the -r direction.
The two most important ways of measuring susceptibility are the Curie method (some-

times called the Faraday method) and the Gouy method'
It rhe Curie method the specimen is small enough so that it can be located in a region

where the field gradient is constant throughout the specimen volume. The pole pieces of an

electromagnet may be shaped or arranged in various ways to produce a small region of con-

stant field gradient. Figure 2.47 shows one example. Alternatively, a set of small current-

canying .oil, "un 
be placed in the gap of an ordinary electromagnet to produce a local

and controllable fleld gradient. The field is predominantly in the y direction and, in the

region occupied by the specimen, 11* and H, and their gradients with x are small. The

väation oiAl *ittr x is shown by the curve superimposed on the diagram, and it is
seen that

dHl / --. d/rr\
; (: zrt' a- )

is approximately constant over the specimen length. Equation (2.62) therefore reduces to

Paramagnetic rod

+<lt

.r<

χ: susceptibility sample
χ0: susceptibility medium
vHy: magn. moment m of sample

Hy
2



3.2 Mechanical Measurements
b) Field gradient methods

Alternating Gradient Magnetometer (AGM)

Piezoelectric
bimorph

Signal

Electromagnet
Gradient

coils

Sample

• AGM (or Vibrating Reed Magnetometer) resembles 
superficially the VSM 

• VSM: sample agitated mechanically and electric 
signal is derived from motion. AGM: magnetically 
excited signal is recorded

• Sample mounted on elastic cantilever or “reed”, 
which is excited into resonant vibration by 
alternating gradient field (produced by gradient 
coils in addition to dc magnet) by chosing resonance 
frequency

• Vibration is recorded by piezoelectric pick-up 
system: generates voltage proportional to vibration 
amplitude = proportional to sample magnetic moment

• Sensitivity: 10–6 emu  =  10–9 Am2   higher than 
VSM
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3.2 Mechanical measurements
3.3 Resonance techniques
3.4 Dilatometric measurements
3.5 Domain methods
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Magnetic Measurements to 

determine material parameters 
& properties



3.3 Resonance Techniques
Ferromagnetic Resonance (FMR)

• FMR is dynamic measurement method at microwave frequency (GHz-regime, 
order of Lamor frequency) 

• Because of high-frequency alternating magnetic field: eddy current shielding 
in metals is nearly complete (penetration depth of field ~ 200 nm) 

resonance methods are not applicable to bulk metallic samples 
can only be applied to non-conducting oxidic materials, thin films, and 

    powdered materials

• Typical resonance experiment: 

• Sample magnetized in strong static field Hex to 
enforce uniformly magnetized state 

• To induce resonance phenomenen: alternating field 
with fixed GHz-frequency is superimposed at right 
angle to magnetization direction stimulates 
precession of magnetization vector

• The static field amplitude Hex is swept till resonance 
is achieved at Hex = Hres

HexHrf

Magnet



3.3 Resonance Techniques
Ferromagnetic Resonance (FMR)

• At higher frequencies, non-uniform precession modes may be excited:

• If their wavelength is comparable with sample size: magnetostatic modes

• Resonance phenomena at shorter wavelengths depend on the exchange 
stiffness constant and are called spin-wave modes 

• Finally, there are surface modes of magnetic resonance which can be excited 
for example by light instead of an alternating field. Then spectroscopy 
replaces the standard inductive detection methods

M

M x dM
dt

Heff

M x Heff

• Based on LLG equation:

= -γ0 [M x Heff] +
α

Ms
[M x       ]dM

dt
dM
dt

Desribes (damped) precession of M around effective 
field Heff, caused by gyrotropic reaction of magnetic 
moment due to its angular momentum

• If the precession is uniform (does not depend on the 
position in sample): ferromagnetic resonance

Lecture of B. Hillebrands



3.3 Resonance Techniques
Ferromagnetic Resonance (FMR)

• FMR experiment:

• Static field Hex with superimposed microwave 
field Hrf  of fixed frequency

• Static field amplitude Hex is swept till resonance 
is achieved at Hex = Hres (sweeping of field is 
easier than sweeping microwave frequency)

• Resonance frequency ωres and effective resonance 
field Hres are given by:

354 4 Material Parameters for Domain Analysis

in the sense that the dynamic deflection does not depend on the position
in the sample, we have ferromagnetic resonance. At higher frequencies non-
uniform precession modes may be excited. If their wavelength is comparable
with the sample size so that sample-shape-dependent demagnetization effects
are important, one speaks of magnetostatic modes. Resonance phenomena at
shorter wavelengths depend on the exchange stiffness constant and are called
spin-wave modes. Also the domain walls themselves can be excited into wall
resonance. Finally, there are surface modes of magnetic resonance which can
be excited for example by light instead of an alternating field. Then spec-
troscopy replaces the standard inductive detection methods.

4.4.2 Theory of Ferromagnetic Resonance

The dynamic micromagnetic equations (3.66) lead in a certain uniform field
Hres to a resonant precession at a frequency given by ωres = γHres. The static
field Hres at which resonance is observed is a measure for the stability of
the equilibrium state which is tested by the resonance experiment. For small
deviations from equilibrium and spatially uniform precession the effective res-
onance field can be derived from the generalized anisotropy functional G(ϑ,ϕ)
by the formula [827]:

Hres =
1

Js cos ϑ

√
∂2G

∂ϑ2

∂2G

∂ϕ2
−

(
∂2G

∂ϕ∂ϑ

)2

. (4.4)

Here the function G(ϑ,ϕ) includes—as in domain wall theory (Sect. 3.6.1B)—
the external field energy, the demagnetizing energy and the various anisotropy
contributions. Take as a simple example a uniaxial and ellipsoidal crystal with
the anisotropy axis and the direction of the static applied field coinciding
with the a-axis of the ellipsoid (see Sketch 4.2). In a polar coordinate system
oriented along the c-axis (the sketch shows a cross-section with the definition
of the angle ϑ only) the generalized anisotropy function becomes:

G(ϑ,ϕ) = Ku(1 − cos2 ϑ cos2 ϕ) − HexJs cos ϑ cos ϕ

+ Kd

[
cos2 ϑ(Na cos2 ϕ + Nb sin2 ϕ) + Nc sin2 ϑ

]
. (4.5)

Inserting the derivatives of this function around ϕ = ϑ = 0 into (4.4) we
obtain:

Hres =

√[
2Ku

Js
+ Hex +

Js

µ0

(Nb − Na)
] [

2Ku

Js
+ Hex +

Js

µ0

(Nc − Na)
]

.

(4.6)

Here Na, Nb and Nc are the demagnetizing factors along the a-, b- and c-axes,
respectively. For an ellipsoid of revolution (Nb = Nc) the effective resonance
field is the sum of the anisotropy field HK = 2Ku/Js, the static external field
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respectively. For an ellipsoid of revolution (Nb = Nc) the effective resonance
field is the sum of the anisotropy field HK = 2Ku/Js, the static external field

Ms
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Here Na, Nb and Nc are the demagnetizing factors along the a-, b- and c-axes,
respectively. For an ellipsoid of revolution (Nb = Nc) the effective resonance
field is the sum of the anisotropy field HK = 2Ku/Js, the static external field
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analogous procedure meets some difficulties. It is again possible to derive
the elastic distortion pe from a displacement vector u by pe = −Grad u,
and a kind of potential equation for this vector field follows from (3.64b):
Div (c · Grad u) = −Div (c · ε0). But it is in general difficult to solve this
equation because of the complications connected with the elastic tensor c. To
extract this fourth rank tensor out of the differential expressions is in general
impossible, and this tensor is also material dependent, usually different for
the magnetic sample and its environment. No generally applicable procedures
for the solution of the generalized potential problem are available. Some ac-
cessible cases were discussed in Sect. 3.2.6F. Treating the displacement field u
as an independent parameter to be optimized in a numerical procedure may
be an alternative, but this has obviously not yet been tried.

The left-hand side of (3.63) can be written as −JsHeff with:

Heff = Hex + Hd + [2A△m − gradmFan(m)
+ (σex + σms)Gradmε0(m)]/Js . (3.65)

This effective field offers a simple interpretation of the micromagnetic equa-
tions. In the form J × Heff = 0, it means that the effective field must at
every point be directed along the magnetization vector; the torque exerted
on any magnetization vector must vanish in static equilibrium. The effective
field is not uniquely determined by (3.65), since the torque is unaffected by
J -directed components of Heff . Such terms may appear, for example, when
two equivalent forms of the anisotropy energy are used. In uniaxial samples
the expressions Fan(m) = EKu = K(m2

1+m2
2) = K(1−m2

3) lead to two equiv-
alent contributions to JsHeff , namely 2K(m1, m2, 0) and 2K(0, 0, −m3), the
difference being 2Km [37].

(C) Magnetization Dynamics. Dynamically, the angular momentum con-
nected with the magnetic moment will lead to a gyrotropic reaction if a torque
J × Heff exists, which is described by the following equation:

J̇ = −γJ × Heff , γ = µ0ge/2me = g · 1.105 · 105m/As (3.66)

where γ is the gyromagnetic ratio. The Landé factor g has values close to 2
for many ferromagnetic materials.

Equation (3.66) is the starting point of any dynamic description of mi-
cromagnetic processes. It describes a precession of the magnetization around
the effective field. During this motion the angle between magnetization and
field does not change. This unexpected feature is related to the fact that no
losses have been taken into account up to this point. Losses in magnetism
in general can have many origins: eddy currents, macroscopic discontinu-
ities (Barkhausen jumps), diffusion and the reorientation of lattice defects,
or spin-scattering mechanisms can all introduce irreversibilities and losses.
The long-range effects of eddy currents and Barkhausen jumps cannot be
treated separately from the domain structure. But even if we exclude these
non-local effects by focusing on ideal, non-conducting samples and continuous

with

• If Ms and Ni are known  anisotropy Ku can be derived from measuring Hres



3.3 Resonance Techniques
Ferromagnetic Resonance (FMR)

Wave-
guide

Wave
propagation

a) b)

H

H

Conductive stripGround plane

• FMR experiment:

• Microwave field is generated by Klystron or Gunn diode 
and conducted to sample by wave guide (hollow metal 
tube)

• Sample centered in microwave cavity (closed hollow 
metal structure), located in electromagnet

Microwave frequency fixed and determined by 
klystron and cavity. Alternativly sample can be placed 
on micro-stripline
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• Sample centered in microwave cavity (closed hollow 
metal structure), located in electromagnet
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klystron and cavity. Alternativly sample can be placed 
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Courtesy Zbigniew Celinski

Courtesy Wolfgang Kuch
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3.3 Resonance Techniques
Ferromagnetic Resonance (FMR)

Wave-
guide

Wave
propagation

a) b)

H

H

Conductive stripGround plane

• FMR experiment:

• Microwave field is generated by Klystron or Gunn diode 
and conducted to sample by wave guide (hollow metal 
tube)

• Sample centered in microwave cavity (closed hollow 
metal structure), located in electromagnet

Microwave frequency fixed and determined by 
klystron and cavity. Alternativly sample can be placed 
on micro-stripline

• Crystal detector measures reflected microwave signal. This signal is input into 
lock-in amplifier where it is compared with reference signal 

• Output of lockin vs. external field: corresponds to derivative of absorption 
curve, i.e the change of absorbed intensity I as function of Hex: dI/dHex

• If resonance condition is fulfilled max. absorption of microwave power by sample

• Incident microwave signal couples to sample and is 
partially absorbed in dependence of field strength Hex



3.3 Resonance Techniques
Ferromagnetic Resonance (FMR)
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ex• Resonance field Hres and half 
power line width ΔH can be 
determined

• Hres  magnetic anisotropy
• ΔH  relaxation
• Intensity  Ms 

Courtesy 
Z. Celinski

http://www.lot-qd.de
http://www.lot-qd.de
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3.4 Dilatometric Measurements

 

l
Δl

[010]

[100]

H

• Example: cubic crystal (iron) with 4 domain phases 
in ground state  no net-magnetization

• Each domain elongates crystal along M-direction 
cubic lattice gets tetragonally distorted

• Application of magnetic field, saturation              
 elongation of total crystal

• Relative length change ∆ l / l = λs                          
λs = magnetostriction coefficient

• λs  > 0 : elongation in magnetization direction,  
λs  < 0 : compression

• Note: 180°-domains are elongated along same axis

• λ for iron: 20•10–6    very small effect

Magnetostriction



3.4 Dilatometric Measurements
Magnetostriction measurement

• Saturation magnetostriction constants can be determined both directly or indirectly: 

• Indirect methods: stress sensitivity of a suitable magnetic property is analysed, 
more suitable for thin films and wires

Example: magnetization curve and resonance measurements, if performed as function 
of external stress, can be evaluated in terms of magneto-elastic coefficients

m m
λ σ > 0 λ σ < 0

σ = 0
m  = 0

m

H

σ = 0

m

H

σ = 0
λ σ > 0

λ σ < 0

H



3.4 Dilatometric Measurements
Magnetostriction measurement

• Saturation magnetostriction constants can be determined both directly or indirectly: 

• Direct measurements: evaluate elongation of a magnet depending on the 
magnetization direction, preferred for bulk samples of sufficient size

Strain gaugeStrain gauge

� Metal foil strain gauge 
� Semiconductor strain gauge (Temperature sensitive)
� Capacitance bridge

A metal strain gauge is composed of thin 
metal deposited in a pattern on a backing 
or carrier material 

Strain Gauges

• Plastic foil on which structured metal films act as sensors, cemented on sample 

• Based on (small) change of el. resistance by elongation, measured with bridge 
circuit 

• Strain gauge can be applied locally on favourable small region of single crystal or 
even on grain in a coarse-grained sample. Active area down to 1 mm2

• It is always advisable to apply strain 
gauges on both sides of sample, and to 
connect them in series to avoid influence 
from sample bending induced by one-sided 
heating by the measuring current



3.4 Dilatometric Measurements
Magnetostriction measurement

• Saturation magnetostriction constants can be determined both directly or indirectly: 

• Direct measurements: evaluate elongation of a magnet depending on the 
magnetization direction, preferred for bulk samples of sufficient size

 
Fig.3: Schematic diagram of the tunneling tip method for measuring the magnetostriction and 

the displacement values itself. 
 
 
The most sensitive method is the capacitance method based on the principle of 1920 

"ultramicrometer" and can be applied in a wide temperature range, see fig.4 [5], [7]. The so-

called cantilever- capacitance method is adapted to thin films [8] 1964 and can be used by 

measuring the value of ∆C over a changing resonance frequency. Also in this case one can 

measure the magnetostriction, but also, very important for actuators, the elongation/ 

contraction as a function of the applied magnetic field in absolute values! The sensitivity of 

the capacitor method can be up to 10-8, however due to the dimensions of the set-up one 

measures usually only λll. Therefore the determination of the physically interesting λS is not 

possible. Only if single crystals are available one can determine the elongation in certain 

crystallographic direction however only parallel to the external field. Fig.4 shows a variation 

of the capacitance method suited for measuring the thermal expansion and the 

magnetostriction of amorphous ribbons [9]. In this case the chance of length of the sample 

(1) is transmitted over a mechanical system (3,5) to a condensator set-up (13,14). With a 

sensitive ac-bridge the change of capacitance ∆C which is proportional to the chance of 

length ∆l can be determined.  
 

Dilatometers

• Capacitive sensors, optical interferometers, tunnelling sensor, piezo sensor…

• With normal samples 
of centimetre 
dimension a 
resolution in the 
nanometre range is 
required



3.4 Dilatometric Measurements
Magnetostriction measurement

• Saturation magnetostriction constants can be determined both directly or indirectly: 

• Direct measurements: evaluate elongation of a magnet depending on the 
magnetization direction, preferred for bulk samples of sufficient size

Cantilever for films

• Magnetostrictive bending of a sample-substrate-
composite in magnetic field is optically detected as 
measuring signal by reflected laser beam, a quadrant 
detector and lock-in technique 

• Sample esposed to rotating saturation field

• Deflection difference df of free end of cantilever for 
longitudinal and transverse magnetization:

4.5 Magnetostriction Measurements 361

Sketch 4.3.

Especially for thin films there is a convenient direct method, that was intro-
duced by Klokholm [848]. Here the bending of a sample-substrate-composite in
a magnetic field is not avoided but detected as the primary measuring signal.
In a modern variant [849] the sample is exposed to a periodically rotating field
parallel to the sample plane. The magnetostrictive bending is detected opti-
cally by a reflected laser beam, a quadrant detector and lock-in techniques. If
the rotating field is large enough to saturate the sample, an accurate determi-
nation of the magnetostriction constant λ can be obtained: Take a cantilever
of length L, which is mounted on one end and covered on one side with the
magnetic film. Properly applied theory of elasticity [850, 851] yields the de-
flection difference df of the free end of the cantilever for longitudinal and
transverse magnetization. The result for a freely deformable polycrystalline
(elastically isotropic) substrate material is:

df = d∥ − d⊥ =
3DfL2

D2
s

Ef(1 + νs)
Es(1 + νf)

· 3
2λs sin2 ϑ , (4.10)

where the Ds are the thicknesses (see Sketch 4.3), the Es and νs are Young’s
moduli and Poisson’s ratios of the film and the substrate, respectively, and ϑ
is the magnetization orientation angle (ϑ = 0 for magnetization along the can-
tilever). The slope at the end of the cantilever 2df/L can be detected by the
laser beam. The advantage of this direct technique of measuring the magne-
tostriction of thin films is that it is completely independent of other magnetic
properties and of the initial magnetic state of the sample—in contrast to the
indirect procedures of measuring stress-induced anisotropies, which have tra-
ditionally been preferred for thin films. Watts et al. [852] and Marcus [853]
extended the elastic analysis to the case in which the cantilever is mounted
rigidly at one end.

For single-crystal films (such as garnet films) sensitive X-ray diffraction
techniques can be used. The change in lattice constant perpendicular to the
film surface as measured in a double crystal diffractometer is recorded when
the external field is rotated. Films of different crystal orientation are used to
determine different magnetostriction constants [854].

In conclusion, a universal method for the measurement of magnetostriction
for all kinds of materials and sample shapes does not exist. Thin films can
be measured directly by bending experiments, or indirectly by magnetometric
or resonance experiments. The strain gauge technique is a reasonable choice
for most bulk samples. Especially for thin foils dilatometric methods may be
the best alternative, but with sufficient care dilatometric methods can also
achieve precision results.

Torque magnetometry II
BmT
&&&

u 
cantilever magnetometry

built-in calibration:

RSI 72(2001)1495.Th. Höpfl, PhD thesis, MPI-Halle, 2000
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duced by Klokholm [848]. Here the bending of a sample-substrate-composite in
a magnetic field is not avoided but detected as the primary measuring signal.
In a modern variant [849] the sample is exposed to a periodically rotating field
parallel to the sample plane. The magnetostrictive bending is detected opti-
cally by a reflected laser beam, a quadrant detector and lock-in techniques. If
the rotating field is large enough to saturate the sample, an accurate determi-
nation of the magnetostriction constant λ can be obtained: Take a cantilever
of length L, which is mounted on one end and covered on one side with the
magnetic film. Properly applied theory of elasticity [850, 851] yields the de-
flection difference df of the free end of the cantilever for longitudinal and
transverse magnetization. The result for a freely deformable polycrystalline
(elastically isotropic) substrate material is:

df = d∥ − d⊥ =
3DfL2
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Ef(1 + νs)
Es(1 + νf)

· 3
2λs sin2 ϑ , (4.10)

where the Ds are the thicknesses (see Sketch 4.3), the Es and νs are Young’s
moduli and Poisson’s ratios of the film and the substrate, respectively, and ϑ
is the magnetization orientation angle (ϑ = 0 for magnetization along the can-
tilever). The slope at the end of the cantilever 2df/L can be detected by the
laser beam. The advantage of this direct technique of measuring the magne-
tostriction of thin films is that it is completely independent of other magnetic
properties and of the initial magnetic state of the sample—in contrast to the
indirect procedures of measuring stress-induced anisotropies, which have tra-
ditionally been preferred for thin films. Watts et al. [852] and Marcus [853]
extended the elastic analysis to the case in which the cantilever is mounted
rigidly at one end.

For single-crystal films (such as garnet films) sensitive X-ray diffraction
techniques can be used. The change in lattice constant perpendicular to the
film surface as measured in a double crystal diffractometer is recorded when
the external field is rotated. Films of different crystal orientation are used to
determine different magnetostriction constants [854].

In conclusion, a universal method for the measurement of magnetostriction
for all kinds of materials and sample shapes does not exist. Thin films can
be measured directly by bending experiments, or indirectly by magnetometric
or resonance experiments. The strain gauge technique is a reasonable choice
for most bulk samples. Especially for thin foils dilatometric methods may be
the best alternative, but with sufficient care dilatometric methods can also
achieve precision results.

mounted free end

Ex and νx : Young’s moduli and Poisson’s ratios of 
film and substrate, θ : magnetization angle (θ = 0 
for magnetization along cantilever)



3.4 Dilatometric Measurements
Magnetostriction measurement, remark

2.8 Integral Methods Supporting Domain Analysis 93

of their own. Here we want to discuss primarily the potential of the more
direct methods, namely:

• Magnetization measurements
• Torque measurements
• Magnetostriction measurements
• Magnetoresistance measurements

They all yield a spatial average of some properties of the magnetic microstruc-
ture. The mean value of the magnetization vector m(r) can be determined
by magnetization measurements. In an applied field, the measured torque is
proportional to the average transverse magnetization and perpendicular to
the applied field and the torque axis. It is always useful to compare a domain
model with the measured average magnetization in all three spatial direc-
tions.

Magnetostriction offers additional information on average domain proper-
ties. This effect is quadratic in the components of the magnetization vector.
Crystal symmetry defines a spontaneous “free” deformation of every domain,
depending on the magnetization direction. Although this deformation may be
influenced by interaction between the domains (see Sect. 3.2.6F), the interac-
tions cancel in the spatial average. This means that the elongation of a crystal
is a linear function of the “phase” volumes vi of domains magnetized in the
various directions, where a phase volume collects the volumes of all domains
magnetized along a certain direction. The motion of 180◦ walls has no effect
on magnetostrictive strains, but the phase volume of domains magnetized for
example at 90◦ relative to the “basic domains” can be directly measured [494].
The basic idea of the method is illustrated in Fig. 2.55.

As all components of the average magnetostrictive strain tensor are in prin-
cipal measurable, several domain phase volumes can be determined from mag-

Fig. 2.55. The derivation of the volume of 90◦ domains from magnetostriction
experiments on an iron crystal. The states (a) and (b) do not differ with respect
to magnetostriction. The relative volume v3 of the transverse domain in (d) may
be derived rigorously from the measured lengths by the simple formula v3 = (L1 −
L3)/(L1−L2). Only the average elongation of the sample is indicated in (d), ignoring
the inhomogeneous distortion connected with such a domain state, which cancels in
the average. L0 is the length of the sample in a hypothetical non-magnetic state

• Every direct determination of magnetostriction constant requires measurement of 
length change between two different saturated states — usually parallel and 
perpendicular to measuring direction. Experiment with field applied along only one 
axis of crystal yields no useful information on magnetostriction constants, because 
then only some arbitrary demagnetized state and the saturated states are compared
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3.5 Domain Methods

Principle: 
Under favourable circumstances material constants may be 
derived directly from observed domains. Such approach 
requires an equilibrium situation for which a reliable 
theoretical treatment is possible.

To qualify as suitable domain structure for quantitative 
evaluation, a pattern must fulfil a number of requirements:

• It must be sufficiently simple to permit a complete analysis.
• It must contain at least one feature (such as an angle or a 

characteristic length) which can reach its optimum value 
independent of its environment.

• This feature must be sensitive to an interesting material 
parameter.



3.5 Domain Methods

Example: Surface domain width in bulk uniaxial crystals

3.7 Theoretical Analysis of Characteristic Domains 315

Fig. 3.130. The calculated surface and basic domain widths of two-phase branching
structures as a function of the film thickness. The righthand and upper scales use
more conventional units for the case Q ≫ 1 for which the µ∗-correction becomes
negligible

Minimizing the energy (3.224) with respect to Wb and ω under the constraint
(3.225) leads to Fig. 3.130. Here the basic domain width Wb and the sur-
face domain width Ws are plotted in reduced units as functions of the film
thickness.

We see that for small thicknesses an unbranched structure with W =
Ws = Wb and W =

√
Dγw/2Cs prevails. This is the same classical behaviour

of unbranched patterns as shown before explicitly for the Landau model
(Sect. 3.7.4B). Starting around a characteristic thickness Ds = 1

8π4γwF 2
i /C3

s

branching with Ws < Wb sets in. The basic domain width Wb increases
stronger following a D2/3 law, explicitly:

Wb = 3
√

(4/π2)(γw/Fi)D2 (3.226)

as derived from (3.225) with ω = 0. The surface domain width levels off for
large thicknesses towards:

Ws = 4γwFi/C2
s (3.227)

This property of a constant surface domain width for thick samples seems to
be a general feature of branched domain patterns. The transition thickness
Ds is mathematically defined as the intersection point of the two asymptotic
laws (3.226) and (3.227) in a logarithmic plot as indicated in Fig. 3.130.

There is a surprising rigorous relation between the surface and the interior
domain width, which is valid within our model for all thicknesses:

(1/Ws) − (1/Wb) = (1 − ω)/(ωWb) = C2
s /(4 γw Fi) . (3.228)

20 µmNdFeB, top- and side views
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Ws = 108 γw/Kd 

For sufficiently thick crystals: surface domain 
width Ws constant, independent of sample 
dimensions, depends only on wall energy γW and 

2stray field energy constant Kd = µ0 Ms /2: 



3.5 Domain Methods

Example: Surface domain width in bulk uniaxial crystals

3.7 Theoretical Analysis of Characteristic Domains 313

the finely divided surface (which is the purpose of domain branching), the
magnetization flux entering the area at the base has to be dissipated in the
interior, thus creating stray fields. The argument remains, as can be seen,
also valid for less symmetrical situations in which the two phases are not
magnetized antiparallel to each other.

A theory of two-phase branching has to comprise three energy terms: (i)
the wall energy that increases towards the surface with increasing wall density,
(ii) the (generalized) closure energy depending only on the domain width of the
last generation, and (iii) the energy connected with the internal stray fields.
The latter may be calculated by assuming rigid magnetization directions along
the easy axis and by applying the µ∗-correction (Sect. 3.2.5F). Nevertheless,
an explicit calculation particularly of three-dimensional structures is rather
difficult and was pursued only by few authors [766, 767].

Here we discuss a simplified approach that abstracts from less important
details and concentrates on basic principles [101]. It uses as the only variable
an effective domain width W that depends on the distance from the surface in
a continuous manner. To define a domain width is trivial for simple patterns.
In general an effective domain width can be defined by forming the ratio
between an area and the integrated wall length in this area (Fig. 3.128). This
definition of the domain width agrees with the ordinary definition for straight
parallel walls. A method to determine it from domain images with the help
of a stereological procedure is also indicated in the figure [768].

The total wall energy per unit volume in a thin cross-sectional slice is by
definition equal to γw/W , where γw is the specific wall energy. The closure
energy will be proportional to the surface domain width Ws; the proportion-
ality factor can be determined with the tools of Sect. 3.7.4C. Finally we have
to estimate the internal field energy connected with the branching process.
Certainly this energy increases with the rate of change of the domain width.
All conceivable models agree in the property that an attempt to accelerate
the branching process has to be paid by increasing internal charges, and the
stray field energy is proportional to the square of the charges. To describe this
behaviour, the internal stray field energy is assumed to be proportional to the
square of the derivative of the domain width with respect to the coordinate
perpendicular to the surface. The proportionality factor can be estimated ei-

Fig. 3.128. The domain width of an arbitrary pat-
tern can be defined as the ratio between a test area
and the total domain wall length in this frame.
One procedure of evaluating the wall length and
from it the domain width is based on a stereologi-
cal method: intersections of the domain walls with
arbitrary test lines are counted and evaluated

6.3 Permanent Magnets 523

Interestingly, a nucleation field cannot be calculated in this approach. The
state without residual domains (a = 0) is (meta-)stable in arbitrary oppo-
site fields within rigid domain theory. The calculation of a nucleation field
needs a micromagnetic approach [627] and the additional consideration of
thermal activation [1192]. Anyway, a number of conclusions can be derived
from the simple analysis: (i) The residual domain annihilation process is dif-
ferent from the nucleation process. (ii) Domain wall energy plays a decisive
role in the annihilation process. To compare the annihilation field only with
demagnetization fields that are proportional to Js [1190] is unjustified. (iii)
The annihilation field can exceed the value Js/µ0. This value was formerly
considered a boundary for possible annihilation fields in the absence of wall
pinning, leading to the wrong conclusion that pinning phenomena necessarily
play a role even in samples with high initial permeability [1190, 1193, 1194] .

Once a grain is demagnetized in a nucleation-type magnet, the walls can
move easily and assume equilibrium positions. This and other states are shown
in Fig. 6.19. Further examples for domain patterns in such materials have been
shown in Sect. 5.2.1. They are not connected to the permanent magnet func-
tion, but may help in offering information about the material parameters, in
particular about the domain wall energy as elaborated in Sect. 4.6.3. The un-
coupled character of grain boundaries in a nucleation-type permanent magnet
material was analysed in detail in Fig. 5.130.

Fig. 6.19. Domains on a sintered NdFeB magnet. (a) The thermally demagnetized
state on the basal plane, with the axis of the oriented magnet perpendicular to
the viewing surface. (b) The demagnetized state obtained by starting at a fully
magnetized state and applying a field slightly larger than coercivity. (c) Remanent
state after applying a saturation pulse of 4T (Sample: corrosion resistant material
[1195] courtesy B. Grieb, MS Schramberg; sample manipulation: D. Eckert and
D. Hinz , IFW Dresden; see also [1196])
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γw = π √A/Ku 

NdFeB magnet, 
c-axis perpendicular

Ws = 108 γw/Kd 

For sufficiently thick crystals: surface domain 
width Ws constant, independent of sample 
dimensions, depends only on wall energy γW and 

2stray field energy constant Kd = µ0 Ms /2: 
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Sensitivity of imaging methods

B = µ0 (H + M)     (H = Hext + Hstray)

div B = 0

div Hstray = – div M

+
+
+

–
–
–

M

Hstray

• Sensitive to Hstray - Bitter technique
- Magnetic force microscopy
– Hall probe microscopy

• Sensitive to M - Magneto-optical microscopy
- X-ray spectroscopy
- Polarized electrons (SEMPA, SPT)

• Sensitive to B - Transmission electron microscopy

• Sensitive to
  distortions - X-ray, neutron scattering



Sensitivity of imaging methods

B = µ0 (H + M)     (H = Hext + Hstray)

div B = 0

div Hstray = – div M

+
+
+

–
–
–

M

Hstray

• Sensitive to M - Magneto-optical microscopy
- X-ray spectroscopy
- Polarized electrons (SEMPA, SPT)

• Sensitive to B - Transmission electron microscopy

• Sensitive to
  distortions - X-ray, neutron scattering

• Sensitive to Hstray 1. Bitter technique
2. Magnetic force microscopy
3. Hall probe microscopy



1. Bitter technique

History: first imaging of domains by F. Bitter, 1931)

Cobalt FeSi



• Reversible agglomeration in weak magnetic field

 Increase of volume, elongated shape

 Large susceptibility

 Large sensitivity to stray fields 
 in order of a few 100 A/m

Sensitivity

Agglomeration in magnetic field 
(560 A/m)

100 µm

• Magnetic colloid: Magnetite particles (diameter about 10 nm) in water

• Accumulation in stray field at sample surface

Principle

1. Bitter technique



Sensitivity
Increase of sensitivity in weak perpendicular field

Domain imaging in soft magnetic materials

1.5 kA/m

100 µm

NiFe sheet

Without auxiliary field With perpendicular field

1. Bitter technique



Dry colloid technique

Dry colloid technique:
Static domain observation 
on rough, 3-dimensional surfaces
at high resolution of some 10 nm

Ba-Ferrite particles (courtesy K. Goto, Sendai)

1 µm 1 µm 10 µm

Allowing colloid to dry on surface
Adding agent

Strippable film
Imaging in electron microscope

1. Bitter technique



Dry colloid technique

Dry colloid technique:
Static domain observation 
on rough, 3-dimensional surfaces
at high resolution of some 10 nm

1 µm 1 µm 10 µm

Allowing colloid to dry on surface
Adding agent

Strippable film
Imaging in electron microscope

CoCr recording medium
(courtesy J. Simsová, Prague)

1 µm

1. Bitter technique



Ψ-line

Visible and invisible features

Fe (110)
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Bitter image Kerr image
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Visible and invisible features

Fe (110)

Ψ-line

V-line
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Toner powder emulsion

Laser printer toner + water + household detergent

1. Bitter technique



Toner powder emulsion

Laser printer toner + water + household detergent

1. Bitter technique



Toner powder emulsion

Laser printer toner + water + household detergent

5 mm

Transformer steel (courtesy S. Arai, Nippon steel)

1. Bitter technique



2. Magnetic Force Microscopy

• Spin-off of scanning tunnelling microscope 

• Tip-shaped probe at free end of cantilever          
(= flexible beam). Tip position detected (e.g.) by 
optical interference between tip of a fibre and 
cantilever 

Magnetic tip

Sample

• 2 modes:

• Static mode: MFM is run at constant force (equivalent to constant deflection of 
the cantilever) and the height necessary to obtain this state is used as the 
imaging information

• Dynamic mode: Cantilever is operated at frequency close to its mechanical 
resonance, and change in resonance amplitude or shift in phase due to stray 
field interaction are detected. Since a magnetic force gradient is equivalent to 
an additional contribution to the spring constant of the cantilever, profiles of 
constant force gradient are recorded this way
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• Tip-shaped probe at free end of cantilever          
(= flexible beam). Tip position detected (e.g.) by 
optical interference between tip of a fibre and 
cantilever 

Magnetic tip

Sample

• 2 modes:

• Static mode: MFM is run at constant force (equivalent to constant deflection of 
the cantilever) and the height necessary to obtain this state is used as the 
imaging information

• Dynamic mode: Cantilever is operated at frequency close to its mechanical 
resonance, and change in resonance amplitude or shift in phase due to stray 
field interaction are detected. Since a magnetic force gradient is equivalent to 
an additional contribution to the spring constant of the cantilever, profiles of 
constant force gradient are recorded this way

5 µm 5 µm

Data track on hard disk Co elements (111) Fe surface

Courtesy: A. Fernandez Courtesy: J. Miltat

0.5 µm



Charge Contrast

tip potential = 
charge sensor

Conventional interpretation of MFM:

Alternative interpretation (Hubert, Rave, Tomlinson): 

+– +–
+ + – –

tip magnetization = 
stray field sensor

    E inter = – Jtip ⋅Hsample dV
tip

= – Jsample ⋅Htip dV
sample

   E inter = σsample
sample

Φ tip dS + ρsample
surface

Φ tip dV
ρsample = – div Jsample (volume charge)

σsample =  n  Jsample• (surface charge)

Φ tip =  tip potential

J 

Φ tip 

Φ tip – grad H tip = , partial integration 

Force 

∂E inter ∂z F = ∂E inter ∂z ∂F       = 2 
2 ∂z ; 

∂E inter 
∂z F  

∂F 
2 

2 ∂z 
Force 

gradient

= σΦ dS –∂σ
∂z + ∂Φ

∂z )( ρΦ dV
∂ρ
∂z + ∂Φ

∂z )(

for weak interaction
σ dS –∂Φ
∂z

ρ dV∂Φ
∂z≈

∂Einter
∂z ≈= σ dS –∂ Φ

∂z
ρ dV∂z

2

2 2

=

In the limit of weak interaction: MFM is Charge Microscopy

–

–

–

∂ Φ2

–

–

– –

2. Magnetic Force Microscopy

Hubert, Rave, Tomlinson: Phys. Stat. Sol. B204, 817 (1997)



tip down tip up

10 µm

Longitudinal data track

+ – + + +– – –

Longitudinal data track

Tip down Tip up

2. Magnetic Force Microscopy
Charge contrast



Simulated 
MFM image

Simulated 
charge 

distribution

A. Hubert, W. Rave, S. Tomlinson:
Phys. Stat. Sol. B 204, 817 (1997)

FeTnN element (30 nm)
(courtesy J. Miltat)

MFM image

1 µm

+ +– – – +

2. Magnetic Force Microscopy
Charge contrast



+ ++ +

– –– –

+ ++ +

– –– –

repulsive attractive

Static charges: charge contrast

+ +

tip
down

––

tip
up

Charge contrast depends on tip polarity

Repulsive Attractive

Tip
down

Tip
up

2. Magnetic Force Microscopy
Charge contrast

Charge contrast is inverted when tip 
polarity is inverted



Induced charges: susceptibility contrast

2. Magnetic Force Microscopy

+ +– –

+ +– –

– –+ +

– –+ +

+ +– –

+ +– –

– –+ +

– –+ +

tip induces charges of opposite polarity in each case
always attractive interaction (independent of tip polarity)
strength of attraction depends on local susceptibility

Induced charges: susceptibility contrast

+ +

tip
down

––

tip
up

+ +

tip
down

––

tip
up

attractive

attractiveattractive

attractive

Tip
down

Tip
up

Tip
down

Tip
up

Attractive Attractive

Attractive Attractive

→ Tip induces charges of opposite polarity in each case

→ Always attractive interaction (independent of tip polarity) 

→ Strength of attraction depends on local susceptibility



• Charge contrast in inverted by inversion of tip magnetization,
• Susceptibility contrast: not inverted
•       Separation of charge and susceptibility contrast by difference and sum images

+ –

5 µm Co crystal

2. Magnetic Force Microscopy
Charge & susceptibility contrast



+
+
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–
–
–
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––
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+
+
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+ +–– – – + ++ +
Stronger
attraction
Weaker
attraction

+–NdFeB twin boundary

Kerr image MFM: charge contrast Susceptibility contrast

5 µm

Charge & susceptibility contrast

2. Magnetic Force Microscopy

E. Zueco et al.:
JMMM 190, 42 (1998)



Asymmetric 
vortex wall

MFM image

Kerr image

Kerr: 
sensitive to surface 
magnetization

MFM: 
sensitive to interior 
magnetization of the wall

E. Zueco et al.,
JMMM 196, 115 (1999)

2. Magnetic Force Microscopy
Depth sensitivityFe whisker



56 µm

NdFeB crystal

Micro-Hallprobe 
is scanned across surface

3. Hall-Probe Microscopy

Together with 
J. McCord and U. Wolff, IFW



Sensitivity of imaging methods

B = µ0 (H + M)     (H = Hext + Hstray)

div B = 0

div Hstray = – div M

+
+
+

–
–
–

M

Hstray

• Sensitive to M - Magneto-optical microscopy
- X-ray spectroscopy
- Polarized electrons (SEMPA, SPT)

• Sensitive to B - Transmission electron microscopy

• Sensitive to
  distortions - X-ray, neutron scattering

• Sensitive to Hstray 1. Bitter technique
2. Magnetic force microscopy
3. Hall probe microscopy



Sensitivity of imaging methods

B = µ0 (H + M)     (H = Hext + Hstray)

div B = 0

div Hstray = – div M

+
+
+

–
–
–

M

Hstray

• Sensitive to B - Transmission electron microscopy

• Sensitive to
  distortions - X-ray, neutron scattering

• Sensitive to Hstray 1. Bitter technique
2. Magnetic force microscopy
3. Hall probe microscopy

• Sensitive to M 4. Magneto-optical microscopy
5. X-ray spectroscopy
6. Polarized electrons (SEMPA, SPT)



non-magnetic metal

m

k

E

mxE
Lorentz force 

N
K

K

k

E Kerr effect

analyse
r

po
la

ri
ze

r

N

+K-K

Kerr rotation 
= K/N

analyser

4. Magneto-optical Kerr-Microscopy



4. Magneto-optical Kerr-Microscopy

Compensator = 
„phase shifter“

N

K



4. Magneto-optical Kerr-Microscopy

Compensator = 
„phase shifter“
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K
PolarizerAnalyser

Compensator



Original image Reference image

Difference image

20 µm

amorphous
ribbon

Difference image technique

Important:
Difference Imaging

in real time !

NiFe film
4. Magneto-optical Kerr-Microscopy



4. Magneto-optical Kerr-Microscopy

Courtesy J. McCord, Kiel
http://www.tf.uni-kiel.de/matwis/nmm/en/movies/laminated

Sensitivity Sensitivity

Vectorial imaging

http://www.tf.uni-kiel.de/matwis/nmm/en/movies/laminated
http://www.tf.uni-kiel.de/matwis/nmm/en/movies/laminated
http://www.tf.uni-kiel.de/matwis/nmm/en/movies/laminated
http://www.tf.uni-kiel.de/matwis/nmm/en/movies/laminated


Quantitative Kerr microscopy
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4. Magneto-optical Kerr-Microscopy



Domains in magnetostriction-free amorphous ribbon
as-quenched state after annealing in rotating field

5 µm

Quantitative Kerr microscopy

4. Magneto-optical Kerr-Microscopy
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Permalloy (NiFe) film
207 nm thick

Magnetic field H
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MOKE-Magnetometry and domains

4. Magneto-optical Kerr-Microscopy
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MOKE
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4. Magneto-optical Kerr-Microscopy

a
b

c d e

f

a b c

d fe

pinned
layer

free
layer

M

H

H

20 µm

Sample:
S. Parkin, IBM

NiFe (3 nm)

NiFe (10 nm)

Ru (3 nm)

FeMn

Depth sensitivity of Kerr microscopy
Information depth in metals: ~20 nm



wh
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ax

is

Domains in Fe-film Whisker domains

easy 
axis

50 µm0.2 mm

20 ML
Fe

Fe
whisker

20 ML
MgO

R. S., R. Urban, D. Ullmann, H. L. Meyerheim, B. Heinrich, L. Schultz, J. Kirschner, 
PRB 65, 144405 (2003)

Layer-selective Kerr microscopy

4. Magneto-optical Kerr-Microscopy

Depth-selectivity by tuning 
phase of Kerr amplitude with 

compensator



∑ =

illumination intensity and 
repetition rate are limited

no single-shot imaging possible 

accumulation of large number of 
independent events necessary 
(at fixed time delay)
requires repetitive 
magnetization processes !! 

probing with defined time delay

periodic magnetic field excitation

NiFe element

e.g.1000
images

Time-resolved (stroboscopic) imaging 

4. Magneto-optical Kerr-Microscopy
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Nanocrystalline core with weak Ku

ground state

0.2 mm

at 1 kHz

field in A/m

M
/M

s

Time-resolved (stroboscopic) imaging 

4. Magneto-optical Kerr-Microscopy
H

Ku



Magnetic history

H

20 µm

Band domains Bubble domains

Bubble garnet film

Faraday microscopy (like Kerr, but 
in transmission)

4. Magneto-optical Kerr-Microscopy



Magnetic history

H

20 µm

Band domains Bubble domains

Bubble garnet film

Faraday microscopy (like Kerr, but 
in transmission)

4. Magneto-optical            MicroscopyFaraday-
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Sketch 2.7.

polar magnetization component in the active layer of the detector which is
recorded with the polar Faraday effect. Usually the indicator films are coated
with a mirror layer on one side, so that the light passes through the film twice,
thus enhancing the sensitivity.

The first indicator films were paramagnetic solutions [213] or glasses [214].
The introduction of evaporated paramagnetic films (mixtures of EuS and
EuF2; [215, 216]) improved the resolution decisively. The sensitivity of these
paramagnetic films is limited, however. It reaches acceptable values only close
to the ordering temperature (the Curie point) of the indicator material.

The sensor material should of course not influence the sample to be in-
vestigated and should in itself be structureless. For these reasons, attempts
to use transparent bubble garnet films with their characteristic maze domain
pattern (see Fig. 1.1c) did not lead to very satisfactory results [217, 218]. High
sensitivity and high resolution can be achieved with bubble garnets if the
detection task allows the application of an in-plane field that is just strong
enough to turn the magnetization into the plane. This method of exploiting
a “critical state” (see Sect. 3.4.4) was applied in [219] for the detection of
magnetic inclusions in a non-magnetic substrate (Fig. 2.22a).

Much better results for the regular case (in which such an applied field
is not allowed) were obtained with the introduction of garnet films with in-
plane anisotropy [220]. These films do not generate stray fields by themselves,
and their in-plane domain pattern is largely invisible in polar observation. The
method and its application on superconductors are reviewed in [221]. Another
application is displaying magnetic microfields in non-destructive testing [222].
Its role for the observation of regular magnetic domains is limited, but under
favourable conditions it can be useful as shown in Fig. 2.22c, e, f.

(C) The Voigt Effect and the Gradient Effect. The Voigt effect (linear mag-
netic birefringence) plays a well established role in the investigation of trans-
parent crystals. At perpendicular illumination in-plane domains show up only
by this effect, while the domain walls and perpendicular domains become vis-
ible by the stronger Faraday effect (Fig. 2.21). Rotating the sample by 90◦
demonstrates the difference: Voigt effect contrast is inverted since the Voigt
effect is quadratic in the magnetization components. Faraday effect contrast
stays the same for the polar effect, or disappears if it is caused by the lon-
gitudinal effect and some misalignment. Thus a convenient interpretation of
observed pictures becomes possible.

The Voigt effect was also observed in reflection with the help of the digi-
tal difference technique (Fig. 2.23; [139]). One more interesting effect can be
seen in Fig. 2.23. Some domain boundaries show an additional strong con-

Polarized light

Transparent substrate
Garnet film

Sample
Aluminium mirror

Metallographic contrast With indicator film

Indicator film technique: stray field imaging

Bulk NiMnGa single crystal 
(shape memory material, does not show direct Kerr contrast)

4. Magneto-optical Faraday-Microscopy



10 mm10 mm

Direct Kerr contrast 
(sample polished)

MOIF contrast 
(sample polished)

MOIF contrast 
(with insulation coating)

Grain oriented electrical steel:

Indicator film technique: stray field imaging

4. Magneto-optical Faraday-Microscopy

Domain contrast even through coating



Grain oriented electrical steel:

MOIF contrast (with insulation coating)

H

10 mm

4. Magneto-optical Faraday-Microscopy

Magnetic Pole contrast at grain boundaries

Indicator film technique: stray field imaging



10 mm

Direct image of surface MOIF image

Together with G. Y. Tian, Chengdu 

4. Magneto-optical Faraday-Microscopy

Imaging of defects for non-destructive testing

Rail track with crack

crack

Indicator film technique: stray field imaging



5. X-Ray Spectroscopy

XMCD: Absorption of circularly polarized x-rays depends on orientation of 
magnetization M with respect to helicity of the X-rays, change of sign by 
reversing M

X-Ray Magnetic Circular Dichroism (XMCD)

M M



5. X-Ray Spectroscopy

Physical origin: If energy of absorbed photon exceeds 
binding energy of an inner core level (e.g. p1/2 and p2/3 
states, separated by spin-orbit coupling)

Fermi’s golden rule: transition probability of absorption 
process is related to density of unoccupied states, 
which are different for minority and majority bands 
due to exchange interaction
→ X-MCD signal is proportional to magnetic moment of 
absorbing atom → Sensing of magnetization of sample

→ Transition into unoccupied spin-split states above 
Fermi level (e.g. into 3d band)
Initial states are well defined inner-core levels  
→ XMCD is element selective

Negative
helicity

Positive
helicity

2p1/2

2p3/2

EF

E

XMCD: Absorption of circularly polarized x-rays depends on orientation of 
magnetization M with respect to helicity of the X-rays, change of sign by 
reversing M

X-Ray Magnetic Circular Dichroism (XMCD)



Photon helicity
(x-ray "spin")

Courtesy P. Fischer

XMCD effect is localized around L2 (transition from 2p1/2 core level to unoccupied 3d 
states) and L3 (transition from 2p3/2 core level) absorption edges, which are separated 
by the spin–orbit coupling 

Photon energy (eV)
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5. X-Ray Spectroscopy
X-Ray Magnetic Circular Dichroism (XMCD)

Courtesy P. Fischer

M



Courtesy J. Stöhr

Oxides are usually antiferromagnetic: studied with X-Ray Magnetic Linear Dichroism 
(XMLD ) spectroscopy

The XMLD effect is large only in cases where the absorption edge exhibits multiplet 
structure

X-Ray Magnetic Linear Dichroism (XMLD)

5. X-Ray Spectroscopy

M

X-ray polarization



M M

M M

XMLD detects the difference in absorption of the axis of magnetization aligned 
parallel or perpendicular to the E-field of the X-rays.
XMLD distinguishes between the sample being magnetized parallel or perpendicular 
to the light polarization direction

5. X-Ray Spectroscopy

XMLD

XMCD

XMCD detects the difference in absorption for the projection of the sample’s 
magnetization onto the propagation direction of circularly polarized X rays.
XMCD distinguishes between magnetization parallel and antiparallel to the light 
propagation direction



5. X-Ray Spectroscopy

Scanning transmission 
X-ray Microscopy

Transmission X-ray 
Microscopy 

X-ray Photoemision 
Electron Microscopy 

(XPEEM)

Resolution in 20 nm range Courtesy J. Stöhr

X-Ray microscopy methods



5. X-Ray Spectroscopy
210 5 Magnetic Transmission Soft X-Ray Microscopy

Plane
mirror

ALS Bending
Magnet

Condenser
zone plate

Pinhole

Applied
magnetic

field

Mutual Indexing System
with kinematic mounts Sample

stage

Visible light
microscope

Micro
zone
plate

Soft x-ray
sensitive

CCD

Fig. 5.6. Schematics of the optical setup for the soft X-ray microscope XM-1. A
visible light microscope, which is mutually indexed to the sample stage, serves for
prealignment of the sample. From Ref. [256]

sample and, in combination with a pinhole located close to the sample, serves
as linear monochromator with a typical monochromaticity of about �/�� =
500. Thus, at a photon energy of 700 eV the spectral resolution is about
1.3 eV. The photon energy range at XM-1 is between 500 eV and 1300 eV,
thereby covering the water window around a photon wavelength of 2.4 nm,
most of the L edges of 3d transition metals, and the M edges of rare earth
systems. After the photons have transmitted the specimen, a second Fresnel
zone plate, the microzone plate (MZP), projects a full-field image onto an
X-ray-sensitive two-dimensional charge-coupled device (CCD) detector. It is
a backside-illuminated thinned CCD. The current CCD chip has 2048⇥ 2048
pixels, with a pixel size of 13.5⇥13.5 µm2. Typical values for the magnification
are between 1500 and 2000, yielding a field of view of about 10 µm per image.
Depending on the flux of available photons the illumination time per image
is about 1–2 s for samples with a strong contrast (see discussion in Sec. 5.1).

To obtain magnetic contrast through XMCD, circularly polarized X rays
emitted o↵ orbit are selected by an aperture in front of the CZP masking
either the top or bottom half of the incoming radiation. Fig. 5.7 displays the
magnetic domain structure observed in an amorphous GdFe system recorded
at the Fe L

3

edge at 706 eV with radiation 2.5 mm above and below the
storage ring orbital plane. As can be clearly seen, the magnetic contrast is
reversed upon reversal of the sense of circular polarization. Dividing such two
images by each other allows to eliminate the non-magnetic background and
to enhance the magnetic contrast.

Circularly polarized 
X-rays

Object
Image

Large absorption of soft X-rays (energy < 1 keV):
•  film thickness < 100 nm
•  thin substrates (Si3N4)

5.1 Transmission X-Ray microscopy



Switching of Fe/Gd multilayered dots

2µm

84 Oe 69 Oe 39 Oe

9 Oe -186 Oe -276 Oe -336 Oe

24 Oe

5. X-Ray Spectroscopy

Courtesy P. Fischer, Th. Eimüller

1 µm 2 µm

5.1 Transmission X-Ray microscopy



Switching of Fe/Gd multilayered dots

2µm

84 Oe 69 Oe 39 Oe

9 Oe -186 Oe -276 Oe -336 Oe

24 Oe

5. X-Ray Spectroscopy

Courtesy P. Fischer, Th. Eimüller

1 µm 2 µm

Intensity profile across the boundary of a magnetic domain in an amorphous GdFe 
layer showing a lateral resolution of less than 15 nm

Courtesy P. Fischer

5.1 Transmission X-Ray microscopy



• MTXM images of an amorphous 
Gd25Fe75 layer recorded at the 
spin– orbit-coupled Fe L3 (a) and 
L2 (b) as well as at the Gd M5 (c) 
and M4 (d) absorption edges

• Contrast inversion: magnetic 
moments on Cd and Fe couple 
antiparallel

Courtesy P. Fischer

5. X-Ray Spectroscopy
5.1 Transmission X-Ray microscopy



In-plane imaging

Dichroic contrast: given by projection of M on photon propagation 
direction. In-plane imaging by tilting the sample (30°):

Courtesy P. Fischer

5. X-Ray Spectroscopy
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1 µm

5.1 Transmission X-Ray microscopy



Courtesy P. Fischer

Stroboscopic pump- and probe imaging

0 < ∆t < 328 nsec

t + ∆t
<

<

5. X-Ray Spectroscopy
5.1 Transmission X-Ray microscopy



Excitation of vortex structure in ac field (frequency 250 MHz, amplitude 0.1 mT). 
After a 4 ns 'single period' burst (amplitude 1.5 mT) the vortex core polarity is inverted

B. Van Waeyenberge et al., Nature 444, 461 (2006)

5. X-Ray Spectroscopy
5.1 Transmission X-Ray microscopy



• Lateral resolution at approx. 15 nm
• Imaging in applied magnetic fields (currently some kOe)
• Quantitative (contrast proportional to M)
• Probing of in- and out-of-plane magnetization 
• Time resolution in the sub-ns regime 
• Element specific imaging
• High sensitivity to few nm layers (for Fe: < 2 nm)

Advantages

• Sample must be transparent (d < 100 nm)
• Thin substrates
• Synchrotron radiation necessary

Disadvantages

5. X-Ray Spectroscopy
5.1 Transmission X-Ray microscopy



• Excitation of core electron into empty 
valence state by incoming X-ray

• Recombination (e.g.) by Auger decay



nA

Courtesy H.Ohldag

• Excitation of core electron into 
empty valence state by incoming 
X-ray

• Recombination (e.g.) by Auger 
decay

EF

~~

X-ray

 core 
 level

valence
  band

E

Domains

Circularly-pol.
X-rays Secondary electrons

5. X-Ray Spectroscopy
5.2 X-ray Photoemission Electron Microscopy (X-PEEM)
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5. X-Ray Spectroscopy
5.2 X-ray Photoemission Electron Microscopy (X-PEEM)

Courtesy C.M. Schneider
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polarized electrons

(MXCD)

20 µm

Iron whisker

Sensitivity
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5. X-Ray Spectroscopy
5.2 X-ray Photoemission Electron Microscopy (X-PEEM)

Fe-Cr-Co layer system

courtesy 
C.M. Schneider
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5. X-Ray Spectroscopy
5.2 X-ray Photoemission Electron Microscopy (X-PEEM)
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Comparison of X-ray microscopy with PEEM imaging

Equal
•  XMCD as contrast
•  element-specific
•  quantitative
•  in- and out-of-plane

Advantages
of PEEM

•  no sample thinning
•  higher sensitivity
•  higher spectral resolution

Disadvantages
of PEEM

•  imaging in fields difficult
•  time consuming adjustment 
•  lower standard resolution
•  UHV conditions

5. X-Ray Spectroscopy



6. Electron Polarization Analysis

Gold foil

Electron lenses
and accelerator

Polarized secondary
electrons

• Secondary electrons are spin polarized, moment along magnetization direction

• Surface sensitive (secondary electrons emerge from top nanometer)

• Quantitative (independent measurement of 3 magnetization components)

• Resolution in 10 nm range

Mott detector:
Scattering of polarized electrons by 
gold foil is asymmetric (spin-orbit 
coupling effects)

6.1 Scanning Electron Microscopy with Polarization Analysis 
(SEMPA)



Basal plane of 
Co crystal

“Wheel side” of
amorphous ribbon

courtesy 
J. Unguris

Polar components In-plane components

Topography In-plane components

6. Electron Polarization Analysis
6.1 Scanning Electron Microscopy with Polarization Analysis
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6. Electron Polarization Analysis
6.2 Spin-polarized Tunneling Microscopy

from Wiesendanger homepage

M. Julliere, Phys. Lett. 54A, 225 (1975):

http://www.nanoscience.de/nanojoom/index.php/en/methods/sp-stm.html

6

Mit einem kleinen Trick kann ein Rastertunnelmikroskop auch magnetische Eigenschaf-

ten einer Probe ertasten - und zwar aufsAtom genau: Mit einer magnetischen Sonde.

Elektronen haben nicht nur eine elektrische Ladung, sie haben auch einen Spin.Anschau-

lich und stark vereinfacht kann der Elektronenspin als Rotation des Teilchens um seine

eigene Achse beschrieben werden. Der Elektronenspin ist die eigentliche Ursache des

Magnetismus. Bei einem Magnet zeigt der Elektronenspin vieler benachbarter Atome in

die gleiche Richtung. Ist die magnetische Ausrichtung der Sondenspitze parallel oder

antiparallel zur Magnetisierungsrichtung der Probe, dann fließen eine unterschiedliche

Zahl von Elektronen. Der Tunnelstrom ist daher auch von den Magnetisierungsrichtungen

an Probe und Spitze abhängig.

Auf diese Weise können Rastertunnelmikroskope tatsächlich Atom für Atom den Magne-

tismus einer Probe fühlen. Besonders interessant ist die Erforschung der

, an denen sich die Richtung des

Magnetfeldes ändert. Diese Übergänge

sind in der Regel kontinuierlich und erstrek-

ken sich über viele Atome. Mit dem Spinpo-

larisierten Rastertunnelmikroskop konnten

aber auch schon atomar scharfe magneti-

sche Domänengrenzen gefunden werden.

Aufsehenerregende Messungen erfolgten

auch an antiferromagnetischen Proben.

Bei Antiferromagneten zeigt der Elektro-

nenspin benachbarter Atome in die

entgegengesetzte Richtung. Mit einem

Spinpolarisierten Rastertunnelmikroskop

ist es Wissenschaftlern am Hamburger

Zentrum für Mikrostrukturforschung gelun-

gen, diese von Atom zu Atom wechselnden

Spinrichtungen erstmals sichtbar zu

machen (sieheAbb.).

Domänengren-

zen

jeweils

Die magnetische Sonde eines Spinpolarisierten
Rastertunnelmikroskops ertastet die magnetischen
Eigenschaften einzelnerAtome.

Das Spinpolarisierte Rastertunnelmikroskop

Ein wichtiges Anwendungsgebiet der Spinpolarisierten Rastertunnelmikroskopie ist die

Untersuchung der spinabhängigen elektronischen Struktur sowie des spinabhängigen

Elektronentransports in Halbleiter-Ferromagnet-Hybridsystemen, welche eine zentrale

Rolle im Bereich der Spintronik spielen. Erst die detaillierte Analyse und gezielte Kontrolle

spinabhängiger Phänomene auf der atomaren Skala wird die Effizienz zukünftiger

Bauelemente der Spintronik wesentlich verbessern können.

Spintronik

(SP-STM, engl.: spin polarised scanning tunneling microscope)

Rastertunnelmikroskopie

• Tunneling of spin-polarized current between 
tip and sample surface

• Tunneling resistance depends on relative 
orientation of current polarity and domain 
magnetization

• Extreme resolution

http://www.nanoscience.de/nanojoom/index.php/en/methods/sp-stm.html
http://www.nanoscience.de/nanojoom/index.php/en/methods/sp-stm.html


6. Electron Polarization Analysis
6.2 Spin-polarized Tunneling Microscopy
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Writing and Deleting Single 
Magnetic Skyrmions.
Niklas Romming et al.
Science 341, 636 (2013);
DOI: 10.1126/science.
1240573

state are topologically trivial with S = 0.
Transitions between such topologically distinct
states are forbidden within a continuous descrip-
tion of n, but in a real system with magnetic
moments on an atomic lattice, strict topological
protection does not exist. Instead, the states are
separated by a finite energy barrier. Magnetic
skyrmions typically arrange in two-dimensional
(2D) lattices (2–4). An important prerequisite for
their formation is broken inversion symmetry,
which is fulfilled not only for samples with chiral
crystal structure (4–9), but also for magnetic film
systems, in which the top and bottom interfaces
are different (10–12). In recent years, magnetic
skyrmions have been observed in a number of
systems with broken crystal inversion symmetry
ranging from metallic and semiconducting (4–7)
to insulating (8, 9). Each of these systems dis-
plays a spin spiral phase in zero field (Fig. 1A),
resulting from a competition of magnetic ex-
change and Dzyaloshinskii-Moriya interaction,
and can be driven into a hexagonal skyrmion lat-
tice phase (Fig. 1B) by the application of an ex-
ternal magnetic field B. In contrast to the spin
spiral state, which is magnetically compensated,
the hexagonal skyrmion lattice exhibits a net mag-
netization and is, therefore, favored by the Zeeman
energy. By further increasing the magnetic field,
the parallel alignment of the magnetic moments
becomes energetically more and more favorable,
until the skyrmion phase is eventually saturated
to the FM phase (Fig. 1C) (5). Both of these phase
transitions are accompanied by a change of topo-
logical charge. In thin films, the skyrmion lattice

phase space increases as the thickness of the
sample is decreased (7). In such 2D systems, the
diameter of the skyrmions can exceed the film
thickness (5, 7), which may be favorable for con-
trolled skyrmion manipulation by surface tech-
niques. At the ultimate limit, a single atomic layer
of Fe on Ir(111) exhibits a skyrmion lattice, even
in the absence of an external field. This skyrmion
lattice has square symmetry and a period of only
1 nm (12); however, driving it into a different
topological state has been challenging.

The manipulation of skyrmion lattices may
require substantially smaller current densities com-
pared with the manipulation of domain walls in
conventional ferromagnetic systems, whichmakes
skyrmions a promising candidate for spintronic
applications (13–18). However, even though sin-
gle skyrmions were observed experimentally (5),
and the creation of skyrmions by radial currents
was studied theoretically (19), the manipula-
tion or creation of individual skyrmions has
presented difficulties. To design an ultrathin film
system exhibiting skyrmions that can be manip-
ulated with a local probe, we cover the Fe layer
on Ir(111) with an additional atomic layer of
Pd (20). We thereby modify the top interface
and, thus, the magnetic interactions within the
film. As Pd is known to be easily polarized by
adjacent magnetic moments (21), we expect the
resulting PdFe bilayer to behave as a single mag-
netic entity.

Figure 1 shows the magnetic field dependence
of the PdFe bilayer on Ir(111) at a temperature T
of 8 K. In zero field (Fig. 1D), the spin-polarized

scanning tunneling microscopy (SP-STM) image
(20) reveals a spin spiral ground state with a pe-
riod of 6 to 7 nm. When the magnetic field is
increased to B = +1 T (Fig. 1E), skyrmions can
be observed coexisting with remaining areas of
spiral ordering. Even higher values of B lead to
a pure hexagonal skyrmion lattice (Fig. 1F) and,
eventually, to saturation of the film to a FM phase
(Fig. 1G); here only a few single skyrmions, pinned
at atomic defects, remain at B = +2 T. This field-
dependent behavior is similar to previously studied
systems (5), and the transitions are reversible at
T = 8K: Removing the field leads to qualitatively
the same magnetic structure as in Fig. 1D, with
small variations in the details of the spiral posi-
tion and direction.

Figure 2A depicts a comparable sample at
B = +1 T, this time measured at T = 4.2 K.
Whereas the trend of skyrmion formation at the
cost of the spiral phase is similar, fewer skyrmions
are observed compared with the measurement at
T = 8 K (see Fig. 1E). This may be partly due to a
small shift with temperature of the critical mag-
netic field needed for the phase transition (4, 5, 7)
or to small differences in the local environment.
However, the main reason is reduced thermal en-
ergy, which prevents the system from reaching
energetically lower states. A change of B at T =
4.2 K may not necessarily lead to the lowest-
energy state; instead, a metastable state may be
preserved. We demonstrated a transition from a
metastable to a lower-energy state by depositing
energy into the system by tunneling with higher-
energy electrons: After scanning the surface area
at an increased bias voltage of U = +1 V, the
spin spiral has locally transformed into skyrmions
(Fig. 2B). A higher degree of control can be
achieved by injecting higher-energy electrons lo-
cally, as in Fig. 2, C and D, where skyrmions are
imprinted into the ferromagnetic phase; by volt-
age sweeps with the STM tip held stationary,
skyrmions can be created one by one below the
tip or in close vicinity (Fig. 2E). Apparently, atomic
defects act as preferred nucleation and pinning
sites (see also fig. S2). In such a writing process,
a topological charge S is created. The field-
dependent potential can be sketched as in Fig.
2F, where B0 is the field at which the two states
are energetically degenerate. For B < B0, the
energetically lower state is the skyrmion (S =
1); for B > B0, it is the FM state (S = 0). When
we start from the FM state and lower the
external field to B < B0 (as in Fig. 2C), the
system can be transferred to the skyrmion state
only if the remaining energy barrier is over-
come, either by thermal fluctuations or if en-
ergy is supplied by other means (e.g., by the
tunneling electrons).

For magnetic field values close to B0,
skyrmions can be created and annihilated re-
versibly. In this way, topological charge can be
used to store information, as demonstrated in
Fig. 3: By locally injecting electrons, we can gen-
erate any desired skyrmion configuration for the
four pinning sites within the area. In the series of

B

D B = 0 TSpin spiral phaseA

C Ferromagnetic phase B = +2 TG

Skyrmion phaseB

50 nm

B = +1 T

B = +1.4 T

+5
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Fig. 1. Magnetic field dependence of the PdFe bilayer on the Ir(111) surface at T=8 K. (A to C)
Perspective sketches of the magnetic phases. (D) Overview SP-STM image, perspective view of
constant-current image colorized with its derivative. (E to G) PdFe bilayer at different magnetic fields
(U = +50 mV, I = 0.2 nA, magnetically out-of-plane sensitive tip). (E) Coexistence of spin spiral and
skyrmion phase. (F) Pure skyrmion phase. (G) Ferromagnetic phase. A remaining skyrmion is marked
by the white circle.
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Transitions between such topologically distinct
states are forbidden within a continuous descrip-
tion of n, but in a real system with magnetic
moments on an atomic lattice, strict topological
protection does not exist. Instead, the states are
separated by a finite energy barrier. Magnetic
skyrmions typically arrange in two-dimensional
(2D) lattices (2–4). An important prerequisite for
their formation is broken inversion symmetry,
which is fulfilled not only for samples with chiral
crystal structure (4–9), but also for magnetic film
systems, in which the top and bottom interfaces
are different (10–12). In recent years, magnetic
skyrmions have been observed in a number of
systems with broken crystal inversion symmetry
ranging from metallic and semiconducting (4–7)
to insulating (8, 9). Each of these systems dis-
plays a spin spiral phase in zero field (Fig. 1A),
resulting from a competition of magnetic ex-
change and Dzyaloshinskii-Moriya interaction,
and can be driven into a hexagonal skyrmion lat-
tice phase (Fig. 1B) by the application of an ex-
ternal magnetic field B. In contrast to the spin
spiral state, which is magnetically compensated,
the hexagonal skyrmion lattice exhibits a net mag-
netization and is, therefore, favored by the Zeeman
energy. By further increasing the magnetic field,
the parallel alignment of the magnetic moments
becomes energetically more and more favorable,
until the skyrmion phase is eventually saturated
to the FM phase (Fig. 1C) (5). Both of these phase
transitions are accompanied by a change of topo-
logical charge. In thin films, the skyrmion lattice

phase space increases as the thickness of the
sample is decreased (7). In such 2D systems, the
diameter of the skyrmions can exceed the film
thickness (5, 7), which may be favorable for con-
trolled skyrmion manipulation by surface tech-
niques. At the ultimate limit, a single atomic layer
of Fe on Ir(111) exhibits a skyrmion lattice, even
in the absence of an external field. This skyrmion
lattice has square symmetry and a period of only
1 nm (12); however, driving it into a different
topological state has been challenging.

The manipulation of skyrmion lattices may
require substantially smaller current densities com-
pared with the manipulation of domain walls in
conventional ferromagnetic systems, whichmakes
skyrmions a promising candidate for spintronic
applications (13–18). However, even though sin-
gle skyrmions were observed experimentally (5),
and the creation of skyrmions by radial currents
was studied theoretically (19), the manipula-
tion or creation of individual skyrmions has
presented difficulties. To design an ultrathin film
system exhibiting skyrmions that can be manip-
ulated with a local probe, we cover the Fe layer
on Ir(111) with an additional atomic layer of
Pd (20). We thereby modify the top interface
and, thus, the magnetic interactions within the
film. As Pd is known to be easily polarized by
adjacent magnetic moments (21), we expect the
resulting PdFe bilayer to behave as a single mag-
netic entity.

Figure 1 shows the magnetic field dependence
of the PdFe bilayer on Ir(111) at a temperature T
of 8 K. In zero field (Fig. 1D), the spin-polarized

scanning tunneling microscopy (SP-STM) image
(20) reveals a spin spiral ground state with a pe-
riod of 6 to 7 nm. When the magnetic field is
increased to B = +1 T (Fig. 1E), skyrmions can
be observed coexisting with remaining areas of
spiral ordering. Even higher values of B lead to
a pure hexagonal skyrmion lattice (Fig. 1F) and,
eventually, to saturation of the film to a FM phase
(Fig. 1G); here only a few single skyrmions, pinned
at atomic defects, remain at B = +2 T. This field-
dependent behavior is similar to previously studied
systems (5), and the transitions are reversible at
T = 8K: Removing the field leads to qualitatively
the same magnetic structure as in Fig. 1D, with
small variations in the details of the spiral posi-
tion and direction.

Figure 2A depicts a comparable sample at
B = +1 T, this time measured at T = 4.2 K.
Whereas the trend of skyrmion formation at the
cost of the spiral phase is similar, fewer skyrmions
are observed compared with the measurement at
T = 8 K (see Fig. 1E). This may be partly due to a
small shift with temperature of the critical mag-
netic field needed for the phase transition (4, 5, 7)
or to small differences in the local environment.
However, the main reason is reduced thermal en-
ergy, which prevents the system from reaching
energetically lower states. A change of B at T =
4.2 K may not necessarily lead to the lowest-
energy state; instead, a metastable state may be
preserved. We demonstrated a transition from a
metastable to a lower-energy state by depositing
energy into the system by tunneling with higher-
energy electrons: After scanning the surface area
at an increased bias voltage of U = +1 V, the
spin spiral has locally transformed into skyrmions
(Fig. 2B). A higher degree of control can be
achieved by injecting higher-energy electrons lo-
cally, as in Fig. 2, C and D, where skyrmions are
imprinted into the ferromagnetic phase; by volt-
age sweeps with the STM tip held stationary,
skyrmions can be created one by one below the
tip or in close vicinity (Fig. 2E). Apparently, atomic
defects act as preferred nucleation and pinning
sites (see also fig. S2). In such a writing process,
a topological charge S is created. The field-
dependent potential can be sketched as in Fig.
2F, where B0 is the field at which the two states
are energetically degenerate. For B < B0, the
energetically lower state is the skyrmion (S =
1); for B > B0, it is the FM state (S = 0). When
we start from the FM state and lower the
external field to B < B0 (as in Fig. 2C), the
system can be transferred to the skyrmion state
only if the remaining energy barrier is over-
come, either by thermal fluctuations or if en-
ergy is supplied by other means (e.g., by the
tunneling electrons).

For magnetic field values close to B0,
skyrmions can be created and annihilated re-
versibly. In this way, topological charge can be
used to store information, as demonstrated in
Fig. 3: By locally injecting electrons, we can gen-
erate any desired skyrmion configuration for the
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Sensitivity of imaging methods
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• Sensitive to B - Transmission electron microscopy
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2. Magnetic force microscopy
3. Hall probe microscopy

• Sensitive to M 4. Magneto-optical microscopy
5. X-ray spectroscopy
6. Polarized electrons (SEMPA, SPT)



Sensitivity of imaging methods
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6. Polarized electrons (SEMPA, SPT)

• Sensitive to B 7. Transmission electron microscopy



7. Transmission Electron Microscopy
Principle

• Electrons are deflected by Lorentz force

FL = qe (ve x B)
qe: Electron charge
ve: Electron velocity
B : Magnetic flux density

• Stray fields outside the sample contribute to contrast

Net deflection of 
electrons

Deflection by magnetization
is canceled by deflections 

due to stray field

No deflection by 
magnetization,

stray field deflection cancels

• Tilting of sample may be required

• Maximum sample thickness: some 100 nm



7.1 Fresnel technique (defocused mode imaging)

Image 
plane

Magnetic 
sample

Electrons

Metallic glass, partially crystallized
(courtesy J. Chapman)

• Out-of-focus: shadow effects delineate domain boundaries

• Magnetization direction can be derived from ripple 
(if present)

7. Transmission Electron Microscopy



Fresnel imaging of differently sized magnetic particles (Co, 35 nm thick)

Courtesy J. Zweck

7.1 Fresnel technique (defocused mode imaging)

7. Transmission Electron Microscopy



Permalloy, 24 nm thick
(courtesy J. Chapman)

2 µm

Fresnel image

Foucault imagediffraction
plane

objective
lens

magnetic
sample

electrons

diaphragm

7.2 Foucault technique (in-focus)

7. Transmission Electron Microscopy

Metallic glass, partially crystallized
(courtesy J. Chapman)



7.3 Differential Phase Contrast (DPC) Microscopy

• Resolution better than 10 nm

• Quantitative determination of magnetization direction
  (by combining signals of a quadrant detector)

electron 
source

sample

detector
diffraction
plane

split
detector

• Domain contrast like in Kerr microscopy

7. Transmission Electron Microscopy



AFM coupled Co-Cr-Co sandwich
(courtesy J.P. Jakubovics)

Permalloy, 60 nm thick
(courtesy J. Chapman)

In a scanning TEM

In a conventional TEM

Difference between Foucault images,
obtained at different angles of incidence

1 µm

7.3 Differential Phase Contrast (DPC) Microscopy

7. Transmission Electron Microscopy



7.4 Electron Holography
Principle

Electron Holography: 

• Interference pattern of 2 electron waves shifted in phase 

• Evaluation in optical interferometer

gradϕe = (2 p qe D/h )B0 sb

phase of
electron wave

film
thickness

magnetic flux
density perpendicular
to beam direction

beam
direction

• Magnetization influences phase of electron wave

• Phase gradient is perpendicular to B0

• Lines of constant phase are parallel to B0

• Flux between two lines is equal to flux quantum h/qe

phase 
variation

π

7. Transmission Electron Microscopy



Off-axis holography (Tonomura et al. 1980)

Image shows lines 
of constant phase

coherent
electron beam

electrostatic
biprism

holographic image

hologram

split 
laser 
beam

diffraction
aperture

interference image

magnetization
0.1 µm

reference
beam

Generation of hologram Optical reconstruction

Laser

7.4 Electron Holography

7. Transmission Electron Microscopy



• Both interfering beams pass through sample along slightly different paths 
  (distance: 10 nm)
• Reconstruction contains information about their phase difference
  phase gradient is recorded, which is proportional to magnetization
  “real” domain images like in Kerr microscopy
• Quantitative information about magnetization direction at high resolution

30 nm Co film
(courtesy M. Scheinfein)

Co/Au/Ni/Al multilayer
(courtesy M. McCartney)

Differential Holography (Mankos et al. 1994)

7.4 Electron Holography

7. Transmission Electron Microscopy



Sensitivity of imaging methods

B = µ0 (H + M)     (H = Hext + Hstray)

div B = 0

div Hstray = – div M

+
+
+

–
–
–

M

Hstray

• Sensitive to
  distortions - X-ray, neutron scattering

• Sensitive to Hstray 1. Bitter technique
2. Magnetic force microscopy
3. Hall probe microscopy

• Sensitive to M 4. Magneto-optical microscopy
5. X-ray spectroscopy
6. Polarized electrons (SEMPA, SPT)

• Sensitive to B 7. Transmission electron microscopy



Sensitivity of imaging methods

B = µ0 (H + M)     (H = Hext + Hstray)

div B = 0

div Hstray = – div M

+
+
+

–
–
–

M

Hstray

• Sensitive to Hstray 1. Bitter technique
2. Magnetic force microscopy
3. Hall probe microscopy

• Sensitive to M 4. Magneto-optical microscopy
5. X-ray spectroscopy
6. Polarized electrons (SEMPA, SPT)

• Sensitive to B 7. Transmission electron microscopy

• Sensitive to
  distortions 8. X-ray, neutron scattering



8.1 X-ray Topography
• Plane-parallel X-ray beam, restricted to narrow strip
• Bragg condition fulfilled for some set of lattice planes
• Diffracted beam recorded by photographic plate
• Crystal and plate are advanced synchronously (scanning)

Contrast mechanism:
• Magnetostrictive strains disturb Bragg reflection
• Contrast at those positions, where rotation or spacing of lattice changes

Change of lattice orientation at 90° wall
(10 – 5 radian)

X-ray
source

slit

crystal

photographic
plate

scanning
mechanism



0.5 mm

X-ray topogram of fir-tree domains on slightly misoriented 
(100) FeSi crystal (0.1 mm thick)

(Courtesy J. Miltat)

8.1 X-ray Topography
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Unpolarized neutrons, refracted at domain walls,
locally destroy the interference pattern

Principle:

Bright contrast is caused by refraction
Dark field imaging

Analyser
Grating

Phase
Grating

Sample

Can be blocked 
by analyser

Cannot be 
blocked by 
analyser

Dark

Bright
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Unpolarized neutrons, refracted at domain walls,
locally destroy the interference pattern

Principle:

Bright contrast is caused by refraction
Dark field imaging

Analyser
Grating

Phase
Grating

Sample

Can be blocked 
by analyser

Cannot be 
blocked by 
analyser

Dark

Bright

Resolution:
Determined by pixel size of detector 

and scattering angle

some 10 µm 
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8.2 Neutron Dark-Field Microscopy

Imaging of 
external field penetration



Together with B. Betz and C. Grünzweig (PSI Villigen), 
R. Siebert (Fraunhofer IWS Dresden)

unpublished

Non-oriented 
FeSi steel

Magnetic field

Many walls:
lower flux density

No walls:
higher flux density
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FeSi  crystal8 mm

Cut from front

I. Manke, et al.: Three-dimensional imaging of magnetic domains. 
Nature Communications, 1:125 doi: 10.1038/ncomms1125 (2010)
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Comparison of Domain Obervation Techniques

MFM: Magnetic Force Microscopy
SPT: Spin-Polarized Tunneling

SEM: Scanning (reflection) Electron Microscopy
TEM: Transmission Electron Microscopy

Spatial resolution

10 µm1 µm0.1 µm10 nm

X-ray topography

Conventional SEM

Defocused TEM

Differential and holographic TEM

Magneto-optic

Bitter

Polarized SEM

MFM

X-ray spectro-microscopy

Neutron
topography

SPT


