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Magnetic Pro10. Magnetic Properties

Magnetic materials are one of the most promi-
nent classes of functional materials, as introduced
in Sect. 1.3. They are mostly inorganic, metallic or
ceramic in nature and typically multicomponent
when used in applications (e.g. alloys or inter-
metallic phases). Their structure can be amorphous
or crystalline with grain sizes ranging from a few
nanometers (as in high-end nanocrystalline soft
magnetic materials) to centimeters (as in grain-
oriented transformer steels). They are available as
powders, cast, sintered or composite materials,
ribbons or even thin films and find a huge variety
of applications in transformers, motors, genera-
tors, medical system sensors, and microelectronic
devices.

The aim of this chapter is to give advice as to
which methods are most applicable to determine
the characteristic magnetic properties of any of the
materials mentioned above. Magnetic thin-film
structures have recently gained significant scien-
tific and economic importance. Not only can their
properties deviate from the respective bulk mater-
ials but novel phenomena can also occur, such as
giant and tunnel magneto-resistance, which lead
to their application in read heads and their likely
future application to nonvolatile magnetic solid-
state memory (MRAM). Therefore, we have added
a section that explains the important peculiarities
special to thin films, in which we summarize the
most relevant measurement techniques.

Section 10.1 will give a short overview to enable
the reader to differentiate between the various
manifestations of magnetism, different mater-
ials and their related properties. For a deeper
understanding, of course, textbooks should be
used (see the references given in Sect. 10.2).
Section 10.2 covers the standard measurement
techniques for soft and hard magnetic mater-
ials. The tables at the beginning of Sect. 10.2.1
are a valuable guide to choose the best tech-
nique for any given property to be measured.
It is anticipated that this chapter will cover the

overwhelming needs for a routine characterization
of soft and hard magnetic materials in their various
forms. Section 10.3 introduces an elegant, novel
and extremely fast technique, the so-called pulse
field magnetometer, to measure the hysteresis
loop of hard magnetic materials and thereby
to determine the remanent magnetization, the
anisotropy field and coercivity, respectively. This
method has been developed only recently and is
not yet comprehensively covered in textbooks. It
is therefore described in more detail with a critical
discussion of possible measurement errors and
calibration requirements. Finally, as mentioned
above, Sect. 10.4 addresses features peculiar to
magnetic thin films and recommends techniques
for their magnetic characterization. It comprises
an overview of magneto-resistive effects occurring
in magnetic thin films or multilayers where the
electrical resistivity depends on external magnetic
fields. These devices find important applications
as read heads in hard-disc drives and as sensors
in the automotive and automation industries.
The standard measurement to determine the field
response (change in resistance within a given
field range) is simply a resistivity measurement,
as described in Chap. 9, except that it needs to
be done in an external magnetic field. These
electrical techniques are therefore not covered in
this chapter.

In bulk and thin-film ferromagnets properties
such as remanent magnetization and coercivity
often depend on the time scale used in the mea-
surement (Sects. 10.1.6, 10.3.3). Time-dependent
measurements needed, e.g., to predict the stabil-
ity of the material in applications are not explicitly
described in this chapter since, in principle, any
sensitive magnetometer can be used for these
measurements. In research, sophisticated meth-
ods are used to resolve magnetization dynamics on
pico- or even femtosecond time scales. A detailed
description of these more specialized methods is
beyond the scope of this handbook.
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10.1 Magnetic Materials

Empirically, materials are classified according to their
response to an applied magnetic field, i. e. the mag-
netization induced by the external field. A more
fundamental understanding results from considering the
microscopic mechanisms that determine the behavior of
materials in the magnetic field.

10.1.1 Diamagnetism, Paramagnetism,
and Ferromagnetism

Diamagnetism is a property of all materials. It results
from an additional orbital angular momentum of elec-
trons induced in a magnetic field. In analogy to the
induction of eddy currents in a conductor it manifests it-
self as a magnetization oriented in the opposite direction
to the external field; by definition this is equivalent to
a negative susceptibility (definitions are given below).

Paramagnetism means a positive magnetic suscep-
tibility, i. e. the induced magnetization is along the
direction of the external magnetic field. It is observed
in materials which contain atoms with nonzero angu-
lar momentum, e.g. transition metals. The susceptibility
scales with 1/T (Curie’s law). Paramagnetism is also
found in certain metals (e.g. aluminum) as a con-
sequence of the spin of conduction electrons (Pauli
spin susceptibility). The related susceptibility is essen-
tially independent of temperature. The paramagnetic

susceptibility is generally several orders of magni-
tude larger than the diamagnetic component; therefore,
diamagnetism is not observable in the presence of
paramagnetism.

Ferromagnetism describes the fact that certain solid
materials exhibit a spontaneous magnetization, MS,
even in the absence of an external magnetic field. It
is a collective phenomenon resulting from the sponta-
neous ordering of the atomic magnetic moments due
to the exchange interaction among the electron spins.
It is observed in a few transition metals (e.g. 3d, 4f)
where itinerant electrons play the essential role for the
exchange coupling mechanism, but also in their oxides,
halides etc., where the exchange interaction is medi-
ated by localized electrons of oxygen, sulfur etc. atoms
located between neighboring metal atoms (indirect ex-
change, superexchange). Recently ferromagnetism has
been observed in semiconductors (e.g. GaAs, TiO2)
doped with a few percent of a transition element
like Mn, Fe or Co which provides localized magnetic
moments and free charge carriers which mediate the
exchange interaction among the localized moments. If
ferromagnetic order in these materials can be main-
tained above room temperature (which is currently not
certain) they might become useful for future electronic
devices based on the spin of electrons besides their
charge (spintronics).
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Many ferromagnetic objects do not show a net mag-
netization without an external magnetic field. This is
a consequence of magnetic domains, which are formed
to reduce the energy connected with the dipolar fields
(the stray field and demagnetizing field). When an exter-
nal magnetic field is applied domains gradually vanish
due to the motion of domain walls and rotation of the
magnetization inside the domains. These processes are
partly reversible and irreversible. In sufficiently high
fields technical saturation is achieved. The correspond-
ing saturation magnetization, however, must not be
mistaken for the spontaneous magnetization. The rea-
son is that, at any temperature T > 0, an external field
will increase the magnetization above the spontaneous
value inside the domains (i. e. MS at H = 0) by sup-
pression of spin waves (the para-process). Hence, the
experimental determination of the spontaneous magne-
tization in general requires a specific extrapolation of
high-field data to zero field.

Spin-wave excitations are the reason for the de-
crease of the spontaneous magnetization with increas-
ing temperature, which in general follows Bloch’s law,
i. e. the decrease of the spontaneous magnetization from
its ground-state value at T = 0 is proportional to T 3/2.
The phase transition from long-range ferromagnetic
order to the paramagnetic state at a critical tempera-
ture (the Curie temperature, TC) is governed by power
laws for the spontaneous magnetization close to TC,
MS = A(1 − T/TC)β , for the magnetic susceptibility,
χ = χ0(1− T/TC)−γ and for other quantities. The crit-
ical exponents (β and γ ) are of universal character and
depend only on the dimensionality of the sample in real
space (e.g. 3-D for a bulk material, or 2-D for ultrathin
films) and in spin space (e.g. 3-D if all orientations of
the magnetization are allowed, 2-D if the magnetization
vector is confined to a plane, and 1-D in the case of
extremely strong uniaxial anisotropy).

In general, the magnetization of a ferromagnetic ob-
ject is preferentially oriented along certain axes that
correspond to an energy minimum, which are known as
easy axes of magnetization. The directions of the re-
spective energy maxima are called hard axes or hard
directions. This property, magnetic anisotropy, is the
key to many technical applications of ferromagnetic
materials; e.g. a binary memory element requires a uni-
axial anisotropy characterized by two stable states. The
strength of the anisotropy is expressed by anisotropy
constants Ki ; it can be measured by the external field
required to rotate the magnetization from an easy direc-
tion to a hard one. Materials with small/large anisotropy
constants are called magnetically soft/hard.

Two interactions are responsible for magnetic
anisotropies: dipolar interactions between atomic mo-
ments are directly connected with the shape of a given
ferromagnetic body (shape anisotropy), while spin–
orbit interaction is the origin of all other anisotropies:
magneto-crystalline, magneto-elastic, surface/interface
anisotropies, which are intimately related to the local
symmetry of the atomic configuration.

10.1.2 Antiferromagnetism, Ferrimagnetism
and Noncollinear Magnetism

In certain materials atomic moments are strictly ordered
without showing any resulting magnetization. This hap-
pens if neighboring magnetic moments are antiparallel
to each other due to a negative exchange interaction
between the spins; this phenomenon is called antifer-
romagnetism and is mainly found in transition-metal
oxides, halides etc. (MnO, CoO, NiO, α-Fe2O3 etc.),
but also in metal alloys such as FeMn or IrMn. Anti-
ferromagnetism vanishes above a critical temperature
called the Néel temperature. Due to their zero net mag-
netic moment, antiferromagnets are hardly affected by
external magnetic fields. This has recently led to tech-
nical applications in so-called spin-valves where the
antiferromagnet pins the magnetization of an adjacent
ferromagnetic layer in a magneto-resistive sensor.

A special form of antiferromagnetism is observed in
metallic chromium: the local magnetization varies sinu-
soidally along certain lattice directions. This is called
a spin-density wave and is not always commensurate
with the crystal lattice.

Ferrimagnetism is a more general version of antifer-
romagnetism: neighboring moments are antiparallel but
of different sizes, resulting in a finite net magnetization.
It is found in compounds of 3d transition metals and
rare-earth elements (e.g. ferrites, garnets, amorphous
3d–4f alloys and multilayers).

Other forms of magnetic order are found mainly
in rare-earth compounds: magnetic moments can form
helical structures (helimagnetism) and even more com-
plex structures giving rise to noncollinear magnetism
meaning that magnetic moments are not aligned along
a defined axis. Such a magnetic order can result from
different or competing exchange interactions and very
strong magnetic anisotropies.

Competing ferromagnetic and antiferromagnetic
coupling between neighboring moments in a crystalline
lattice or purely antiferromagnetic interactions on a tri-
angular lattice can lead to frustration; this means that
the individual spins cannot follow the exchange cou-
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pling to all neighbors simultaneously. The consequence
is a spin configuration similar to a frozen paramag-
net called a spin-glass state. It manifests itself by
thermal hysteresis below the freezing temperature and
pronounced relaxation effects, indicating the presence
of highly degenerate states. Typical materials showing
such behavior are dilute alloys of 3d metals (Mn, Fe,
Co) in a nonmagnetic matrix (Au, Cu).

10.1.3 Intrinsic and Extrinsic Properties

Intrinsic magnetic properties are those characteristic
of a given material (e.g. spontaneous magnetization,
magneto-crystalline anisotropy constant etc.), while ex-
trinsic properties are strongly affected by the specific
shape and size of the magnetic object as well as by
their microstructure. The most important example is the
magnetic shape anisotropy caused by the dipolar energy
via the demagnetizing field: for a three-dimensional fer-
romagnetic object characteristic quantities such as the
remanent magnetization and saturation field are mainly
determined by the shape and much less by the intrinsic
magnetic anisotropy.

Another extrinsic effect is the role of mechanical
strain in a specimen; this may be introduced during the
production process. Stress and strain may significantly
alter the shape of the magnetization loop via magne-
tostrictive effects.

10.1.4 Bulk Soft and Hard Materials

The magnetic softness or magnetic hardness of a mater-
ial is a key factor for many applications. For instance,
magnetically soft materials are needed for transformers,
motors and sensors, i. e. where the magnetization should
fully align with even very small external magnetic
fields. This requires very low coercivity and the high-
est possible susceptibility (or permeability), which is
equivalent to weak anisotropy and large magnetization.
Also, very low magnetostriction is needed to prevent
mechanical strain from building up magneto-elastic
anisotropies. As an example, in some specific binary
or ternary alloys of 3d metals the magneto-crystalline
anisotropy can be very close to zero, making them
magnetically very soft. In particular, Ni81Fe19 (permal-
loy) has nearly zero magneto-crystalline anisotropy and
very weak magnetostriction. A large number of spe-
cial alloys of Fe, Co and Ni with the addition of
Cr, Mn, Mo, Si and other elements have been de-
veloped that allow for a compromise between high
permeability (e.g. 78 permalloy = Fe21.2Ni78.5Mn0.3,

supermalloy = Fe15.7Ni79Mn0.3Mo5, mu-metal =
Fe18Ni75Cr2Cu5) and high magnetization (e.g. permen-
dur = Fe49.7Co50Mn0.3). For all these alloys proper
heat treatment is essential for optimum soft magnetic
properties.

For high-frequency applications soft magnetic fer-
rites still play an important role.

Magnetically hard materials, in turn, are needed
for permanent magnets, magnetic information-storage
media (memories) and other applications. They should
posses strong anisotropies and large coercivity so their
magnetic state cannot be easily altered by external mag-
netic fields. Besides high coercivity and large remanent
magnetization their maximum energy product (BH)max
is a key quantity. While alloys of 3d metals with alu-
minum dominated the marked until 1975 (e.g. Alnico V
= Al8Ni14Co24Fe51Cu3) they have gradually been re-
placed by materials based on intermetallic rare-earth
cobalt compounds (e.g. SmCo5, Sm2(Co, Fe)17) and
more recently by Nd2Fe14B1, which does not contain
relatively expensive cobalt. The magnetic properties of
these materials critically depend on the metallurgical
production process, which affects the granular structure
needed for high coercivity and large energy product; the
latter has increased by more than an order of magnitude
since the development of rare-earth-containing perma-
nent magnets. For less-demanding applications ferrite
magnets are still in use.

For magnetic recording media (mainly hard-disk
drives) somewhat different requirements have to be met.
Here alloys of the type CoCrPt in the form of thin films
are mainly used today.

10.1.5 Magnetic Thin Films

For several reasons ferromagnetic thin films constitute
a special class of magnetic materials.

1. The reduced dimensionality of a thin film makes the
axis perpendicular to the film plane a natural sym-
metry axis, which gives rise to specific magnetic
anisotropies, e.g. the so-called shape anisotropy
with an easy plane and a perpendicular hard axis.

2. The reduced dimensionality also causes modifica-
tions of fundamental magnetic properties such as
the saturation magnetization, its temperature depen-
dence, the Curie temperature and others. These size
effects become more pronounced with decreasing
film thickness.

3. Magnetic properties at surfaces and interfaces are
generally different from the corresponding bulk
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properties. These surface effects become more influ-
ential with decreasing film thickness and may even
become dominant for ultrathin films, i. e. films of
only a few atomic layers. Indeed, new materials with
a combination of properties that does not occur in
nature can be created in this way, e.g. multilayers or
superlattices of a ferromagnetic and a nonmagnetic
component.

4. Certain magneto-transport phenomena such as
the giant magneto-resistance (GMR) or tunnel
magneto-resistance (TMR) effects can best be ob-
served and exploited in very thin films. As these
effects find more practical applications (e.g. in hard-
disk read heads) thin and ultrathin magnetic films
receive increasing attention.

The growing interest in magnetic films and their
technical application naturally increases the demand for
methods and instruments to characterize their magnetic
properties as completely as possible. Established instru-
ments suitable for the study of bulk magnetic materials
are of limited value because of the high sensitivity
required for measurements of the small material quan-
tities typical for thin films. Suitable methods will be
described in Sect. 10.4.

10.1.6 Time-Dependent Changes
in Magnetic Properties

Ferromagnetic materials frequently show a continuous
change of their macroscopic magnetization in the course
of time even in a constant or zero applied magnetic
field. This is usually termed the magnetic aftereffect
or magnetic viscosity and may occur on a time scale
of seconds, minutes or even thousands of years. The
underlying physical reason is that a ferromagnetic ob-
ject with a net magnetic moment in the absence of
an external magnetic field is generally in a thermo-
dynamically metastable state. This is indicated by the
presence of hysteresis. The equilibrium state will be
asymptotically approached by domain nucleation and
wall motion. Domain-wall motion is a relatively slow
process due to the effective mass or inertia that can be
attributed to a magnetic wall; since it is thermally acti-
vated it also depends strongly on temperature. For the
same reason the coercivity of a sample depends on the
measurement time if magnetization reversal occurs via
domain walls. This needs to be taken into account when
comparing data obtained by quasistatic measurements
with those extracted from high-speed measurements
(Sect. 10.3.3).

In the absence of domains walls and for a uni-
formly magnetized sample the magnetization responds
to the torque exerted by an external magnetic field by
a precession of the magnetization vector around the
effective field, which is well described by the Landau–
Lifschitz–Gilbert equation. As a consequence, in these
cases the maximum rate of change of the magnetization
is limited by the precession frequency of the magne-
tization vector, which for common materials like Fe,
Co, Ni and their alloys is between 1 GHz and 20 GHz
in moderate applied magnetic fields. It is evident that
magnetization dynamics on a timescale of nanoseconds
and below is relevant for magnetic devices in high-
frequency applications.

10.1.7 Definition of Magnetic Properties
and Respective Measurement
Methods

The most important magnetic quantities are defined in
the following in conjunction with their primary mea-
surement methods.

The magnetic field H , or flux density B, (which
are equivalent in free space) are measured with Hall
probes, inductive probes (e.g. flux-gate magnetome-
ters for very low fields) or nuclear magnetic resonance
(NMR) probes for very high accuracy.

Magnetic moments are measured by different types
of magnetometers.

• Via the force exerted by a magnetic field gradient
(e.g. Faraday balance, or alternating gradient mag-
netometer (AGM))• Via the voltage induced in a pickup coil by the mo-
tion of the sample, e.g. the vibrating-sample magne-
tometer (VSM, Fig. 10.7) is a widely used standard
instrument, or a superconducting quantum interfe-
rence device (SQUID, Figs. 10.48, 10.49) magneto-
meter for highest sensitivity

Quantity Symbol Unit

Magnetic field H [A/m]
Magnetic flux density, B [T]
magnetic induction

Magnetic flux Φ [Wb]
Magnetic moment m [A m2]
Magnetization (= m/V ) M [A/m]
Magnetic polarization (= μ0 M) J [T]
Susceptibility (= M/H) χ [−]
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The (average) magnetization of a magnetic object is
usually determined by dividing the magnetic moment
by the volume of the sample. Care must also be
taken concerning the vector component of the mag-
netic moment that is detected. This is crucial in the
case of samples with a significant magnetic anisotropy
which can even result from the shape of the specimen
(Sect. 10.1.1).

All these instruments need careful calibration. This
is important because the effective calibration factors de-
pend more or less on the size and shape of the specimen.

Magnetic moments related to different chemical el-
ements in a specimen can be measured selectively by
means of magnetic x-ray circular dichroism (MXCD) or
XMCD based on the absorption of circularly polarized
x-rays from a suitable synchrotron radiation source. In
principle, this method allows the separation of orbital
and spin magnetic moments.

If only the relative value of the magnetization is
of interest and not its absolute value, then a number
of different methods can be used to measure, for in-
stance, M as a function of temperature or of the applied
magnetic field. Such methods include magneto-optic
effects (e.g. the magneto-optic Kerr effect (MOKE))
or the magnetic hyperfine field measured by using the
Mößbauer effect, perturbed angular correlations (PAC)
of gamma emission, or nuclear magnetic resonance
(NMR). While MOKE is frequently used for character-
izing magnetic materials, nuclear methods due to their
relative complexity are restricted to special applications
where standard techniques do not provide adequate
information. NMR is widely exploited in magnetic res-
onance imaging (MRI) as a diagnostic tool in medicine.

The methods most commonly used for character-
izing different magnetic materials are discussed in the
following sections.

10.2 Soft and Hard Magnetic Materials: (Standard) Measurement
Techniques for Properties Related to the B(H) Loop

10.2.1 Introduction

During the past 100 years many different methods
have been developed for the measurement of mag-
netic material properties and sophisticated fixtures,
yokes and coil systems have been designed. Many of
them vanished when new materials required extended
measuring conditions. With progress in electronic mea-
suring techniques other instruments were superseded.
Fluxmeters and Hall-effect field-strength meters, for
example, replaced ballistic galvanometers and rotating
coils. Comprehensive explanations of the older meth-
ods can be found in [10.2]. New methods are ready
to enter magnetic measuring technique. One new op-
portunity is for the pulse field magnetometer (PFM),
which is discussed in Sect. 10.3. This device can com-
plement the capabilities of a hysteresisgraph for hard
magnetic materials, although it should be mentioned
that the instrumentation is not less demanding. The dif-
ficulties involved require a careful interpretation of the
results.

Table 10.1 gives an overview of the measuring
methods described in the subsequent chapters. The tech-
niques are classified according their main application
for hard or soft magnetic materials, although some of
them may also be applicable in the other group.

Table 10.2 compares the capabilities of various
methods. Of course, it can only cover typical configu-

rations and applications and give rough indications. In
many cases, the measuring conditions may be adjusted
to meet special demands. The magnitude of the quan-
tities, which limit the measuring ranges, can either be
determined by the instrumentation or by the require-
ments resulting from the specimen properties.

The tables can certainly not give a complete survey
of all requested quantities and methods that are used to-
day. The selected techniques are common in industrial
and scientific research or in quality control.

Some basic methods in magnetic measurement are
taken as known. Fluxmeters are used in many measuring
set ups to integrate voltages that are induced in mea-
suring coils to obtain the magnetic flux. Today various
analog or digital integration methods are used. A dis-
cussion of them can be found in [10.3].

The same applies for field-strength meters that use
the Hall effect. These instruments, usually called Gauss-
or Teslameters, are widespread. A description of their
working principle is given in many educational books.

In many cases it is impossible to determine the ma-
terial properties of components in a shape that is defined
by the production conditions or application. In these
cases, relative measuring methods are often applied.
These usually compare measurable properties or com-
binations of properties with those of a reference sample.

Sections 10.2.2 and 10.2.3 focus on methods that
provide directly material properties, allow traceable
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Table 10.1 Measuring methods for properties of magnetic materials

Measuring method Soft/hard Quantities

Hysteresisgraph for hard magnetic materials H J(H), B(H), Br, HcJ, HcB, (BH)max, μrec

Vibrating-sample magnetometer (VSM) H, (S) Js, J(H), Br, HcJ, HcB, (BH)max, μrec, J(T ), TC

Torque magnetometer H, (S) Anisotropy constants

Moment-measuring coil (Helmholtz) H J (at working point)

Pulse field magnetometer (PFM) (Sect. 10.4) H Js, J(H), B(H), Br, HcJ, HcB, (BH)max

DC hysteresisgraph S Js, B(H), Br, HcB, μ(H), μi, μmax, P

for soft magnetic materials – ring method

DC hysteresisgraph (permeameter) S Js, J(H), B(H), Br, HcJ, HcB, μi, μmax, P

for soft magnetic materials – yoke methods

Coercimeter S, (H) HcJ

AC hysteresisgraph – ring method S B(H), Br, HcB, μa, Pw, μa(H), μa(B), Pw(H), Pw(B), Pw( f ), Js

Epstein frame S Pw, J(H), Br, HcJ, μa

Single-sheet tester (SST) S Pw, J(H), Br, HcJ, μa

Wattmeter method S Pw

Voltmeter–ammeter method S Pw, μa

Saturation coil S Js, μr

Magnetic scales (Faraday, Gouy) S μ(H), μi, μmax, χ(H), χi, χmax, Js, TC

Impedance bridges S μ = μ′ − iμ′′, Q, tan δ

Js = μ0 Ms saturation polarization; TC: Curie temperature; Br = Jr: remanence; HcJ: coercivity (coercive field strength) for J(H)
hysteresis loop; HcB: coercivity (coercive field strength) for B(H) hysteresis loop; (BH)max: maximum energy product; μ = μ0μr:
permeability; χ = μ−1: susceptibility; μr: relative permeability; μi, χi: initial permeability/susceptibility; μmax, χmax: maxi-
mum permeability/susceptibility; μrec: recoil permeability; μa: amplitude permeability; μ = μ′ − iμ′′: complex permeability; P:
hysteresis loss; Pw: total loss; Q: Q-factor, quality factor; δ: loss angle; f : frequency

Table 10.2 Characteristics of measuring methods for magnetic materials

Measurement
principle

Measurement
range (limiting
quantities)

Measurement
sensitivity

Measure-
ment
repro-
ducibility
range (%)

Materials
specimen
type

Specimen
geometry,
dimensions

Methods
merit

Methods
demerit

Hysteresisgraph
for hard
magnetic
materials

Hmax:
1.6–2.4 MA/m
Jmax: 1.2–1.5 T

H: 0.1 kA/m
J : 1 mT

H: 1–3
J : 0.5–2

Bulk
permanent
magnets

Cylinders,
blocks,
segments,
(large) rings

Many
quantities,
standard-
ized, easy
operation

Restricted
for non-
plane-parallel
specimens

Vibrating-
sample
magnetometer
(VSM)

Hmax: 1.2–4 MA/m
mmax: 1 A m2

jmax: 10−6 V s m

H: 0.1 kA/m
m: 10−9 A m2,
j: 10−15 V s m

H , J : 1–3 Ferro- and
param-
agnetic
material,
amorphous
or nanocrys-
talline
alloys

Powders,
thin films,
ribbons,
small
massive
samples

High
sensitivity,
wide
specimen
temperature
range

Demagnetization
factor to be
considered

Torque
magnetometer

Hmax:
0.8–10 MA/m
L: 10−4 –10−2 N m

1) L:
10−9 –10−7 N m

1) L: 1–5 Ferro- and
param-
agnetic
material

Discs,
spheres,
small
particles,
films, single
crystals

High sen-
sitivity,
low tem-
peratures
possible

Restricted
specimen
shape, some-
times delicate
instrumentation
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Table 10.2 (continued)

Measurement
principle

Measurement
range (limiting
quantities)

Measurement
sensitivity

Measure-
ment
repro-
ducibility
range (%)

Materials
specimen type

Specimen
geometry,
dimensions

Methods
merit

Methods
demerit

Moment-
measuring
coil

jmax:
10−4 –10−2 V s m

j: 10−10 V s m j: 0.5–1 Bulk
permanent
magnets

Cylinders,
blocks,
rings,
segments

Fast and
accurate,
standard-
ized

Only for two
pole magnets,
one quantity

Pulse field
magnetometer
(PFM)

Hmax: 4–8 MA/m H: 1 kA/m
J : 1 mT

H , J : 1–3 Bulk
permanent
magnets

Cylinders,
blocks,
segments

High field
strength,
fast

Demagnetization
factor, eddy
currents to be
considered

DC hysteresis-
graph – ring
method

Hmax:
10–20 kA/m

H: 0.01 A/m H: 1
J : 1–2

Ferromagnetic,
sintered or
powder com-
pacted rings,
wound ring
cores

Rings
(geometries
with closed
magnetic
path),
stamped
stacks of
sheet

Many quan-
tities, very
low field
strength
possible,
standard-
ized

Requires
specimen
winding

DC hysteresis-
graph – yoke
methods

Hmax :
50–200 kA/m

H: 1 A/m H: 2–3
J : 1–2

Ferromagnetic
steel

Bars, strips
of sheet

Many
quantities,
standard-
ized

Restricted
specimen
dimensions
and shapes

Coercimeter Hmax:
20–200 kA/m

H: 0.5–1 A/m Hc: 2–5 Ferromagnetic
steel

Components
of various
shapes

Various
specimen
shapes,
standard-
ized

Only one
quantity (Hc)

AC hysteresis-
graph – ring
method

f : 10 Hz–1 MHz H: 0.01 A/m J : 1–10
H: 1–2

Ferromagnetic
materials

Rings
(geometries
with closed
magnetic
path),
stamped
stacks of
sheet

Many
quantities,
standard-
ized

Restricted
specimen
shape,
requires
specimen
winding

Epstein frame f : ≤ 400 Hz
Ĵmax: 1.5–1.7 T

J : 1 mT J : 2–3
Pw: 2–7

Ferromagnetic
(electric) steel

Strips of
sheet

Standardized,
widespread
method

Demanding
specimen
preparation,
systematic
error

Single-sheet
tester (SST)

f : 50–400 Hz
Ĥmax: 1–10 kA/m
Ĵmax: 0.8–1.8 T

J : 1 mT J , H: 2–3
Pw: 1–2

Ferromagnetic
(electric) steel

Sheet Standardized,
simple
specimen
preparation

Large
specimens in
standardized
version,
systematic
error

Wattmeter
method

Ĥmax: 1–10 kA/m 2) 2) Ferromagnetic
(electric) steel

Rings,
sheet using
fixtures

Standardized
method

Few
quantities

Voltmeter–
ammeter
method

Ĥmax: 1–10 kA/m 2) 2) Ferromagnetic
(electric) steel

Rings,
sheet using
fixtures

Fast, stan-
dardized
method,
common
instrumen-
tation

Few
quantities
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Table 10.2 (continued)

Measurement
principle

Measurement
range (limiting
quantities)

Measurement
sensitivity

Measure-
ment
repro-
ducibility
range (%)

Materials
specimen
type

Specimen
geometry,
dimensions

Methods
merit

Methods
demerit

Saturation coil H: 100–900 kA/m
jmax:
10−4 –10−2 V s m

j: 10−10 V s m j: 1–2 Nickel, Ni
alloys, Co
content in
hard metals

Discs, wire,
cylinders,
small
components

Fast, stan-
dardized
method

Only one
quantity, JS
limit depends
on shape

Faraday scale H:
800–1600 kA/m

1) 1) Ferro-,
para- and
diamagnetic
materials

Small
massive
samples,
powders,
films

High
sensitivity,
wide
temperature
range, small
samples

Delicate,
costly instru-
mentation

Gouy scale H:
800–2400 kA/m

1) 1) Para- and
diamagnetic
materials

Bars,
vessels with
liquids or
gasses

High
sensitivity,
wide
temperature
range

Often delicate
instrumenta-
tion, large
specimen
volume

Impedance
bridges

f : 1 Hz–100 MHz 2) 2) Ferro-
and ferri-
magnetic
materials

Rings,
components

Component
testing close
to electrical
application

Require
specimen
winding

1) mostly research instruments with differing ranges, sensitivities and reproducibility

2) strongly depending on capabilities of standard electrical instrumentation

calibrations and are widespread in application. The in-
formation is selected to allow an evaluation of the
methods. More details are given where errors are liable
to be introduced.

Section 10.2.3 is completed by a short description
of measuring methods for magnetostriction and, pro-
vided by Grössinger, nonstandard testing methods for
soft magnetic materials that are used in scientific re-
search laboratories.

10.2.2 Properties
of Hard Magnetic Materials

Hysteresisgraph for Hard Magnetic Materials
A very important instrument for the characterization
of bulk permanent magnets is the hysteresisgraph. It
is mainly used to record the second-quadrant hystere-
sis loop. From this, material parameters such as the
remanence Br, the maximum energy product (BH)max
and the coercive field strengths (coercivities) HcJ and
HcB, can be determined. A measurement of recoil loops
allows the calculation of the recoil permeability μrec.

The main components are an electromagnet to mag-
netize and demagnetize the specimen, measuring coils
for the field strength H and the polarization J and

two electronic integrators (fluxmeters) to integrate the
voltages induced in the coils. A typical configuration
of a computer-controlled hysteresisgraph is shown in
Fig. 10.2.

An electromagnet with a vertical magnetic-field di-
rection is used. The magnet specimen is placed on the
pole cap of the lower pole. The upper pole can be low-
ered to close the magnetic circuit.

While recording the hysteresis loop, high flux den-
sities are only required for relatively short time periods.
Therefore it is possible to avoid active cooling of the
electromagnet coils up to a peak electric power of
approximately 3 kW. If the electromagnet is designed
carefully, maximum flux densities of 1500–2400 kA/m
can be achieved for specimen heights of several mil-
limeters. Beyond this point, the steel parts of the
electromagnet frame become saturated. For a further in-
crease of the field strength significantly higher electric
power and water cooling become necessary.

The measuring principle is based on the fact that the
poles of the electromagnet form faces of equal mag-
netic potential. It is only under this condition that the
specimen is homogeneously magnetized and the field
strength that is measured next to the magnet is equal
to its inner field strength. The pole materials (soft mag-
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Fig. 10.2 Hysteresisgraph for hard magnetic materials. The cabinet contains two fluxmeters for H and J measure-
ment and the electromagnet power supply. The specimen and surrounding coil are placed between the poles of the
electromagnet (Permagraph C Magnet-Physik Dr. Steingroever GmbH, Köln)

netic steel or iron-cobalt alloy) and the polarizations of
permanent-magnet specimens limit the measuring range
of the method to about H < 800 kA/m in the first quad-
rant and |H| < 2400 kA/m in the second quadrant of the
hysteresis loop.

As it is impossible to saturate rare-earth perma-
nent magnets (Sm-Co, Nd-Fe-B) in an electromagnet,
it is necessary to saturate them in a pulsed magnetic
field prior to the measurement. Depending on the recoil
permeability, the polarization will be lower than the re-
manence after the specimen has been inserted into the
electromagnet and the magnetic circuit has been closed.
However, a magnetization in the electromagnet allows
full remanence to be achieved again.

Measuring Coils. Two types of measuring coils are
used: the J-compensated surrounding coil and the pole-
coil measuring system.

The J-compensated surrounding coil (Fig. 10.1) is
suitable for all kinds of permanent-magnet materials.
For the measurement it is placed around the specimen.
It consists of the following windings.

One winding with area-turns of N1 A1 encloses the
inner hole of the coil that accepts the specimen during
the measurement. This senses the magnetic flux pene-

trating the magnet specimen,

ΦM = BM N1 AM , (10.1)

where BM is the flux density and AM is the cross-
sectional area of the magnet specimen. If the coil is not
completely filled by the specimen, the air flux between
the specimen and the winding,

ΦA1 = μ0 HN1(A1 − AM) , (10.2)

is also detected, where H is the field strength in air next
to the specimen.

A second coil with area-turns N2 A2 also surrounds
the specimen but does not enclose it. This senses only
the air flux,

ΦA2 = μ0 HN2 A2 . (10.3)

Magnet specimen
N1A1

N2A2

Fig. 10.1
Area-turns of
a J-compensated
surrounding coil
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1.2
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0.8

0.6

0.4

0.2

0

J(T); B(T)
Fig. 10.3 Sur-
rounding coil
measurements
on (a) NdFeB
320/86, (b) hard
ferrite 24/23
and (c) AlNiCo
38/10 perma-
nent magnets

The area-turns of the two coils are adjusted to be equal

N1 A1 = N2 A2 . (10.4)

Both coils are connected in series opposition to
a fluxmeter integrator. If the inner of the first coil is par-
tially filled by a specimen, the magnetic flux measured
is

Φ = ΦM +ΦA1 −ΦA2 = (BM −μ0 H)N1 AM

= JN1 AM , (10.5)

where J is the polarization of the specimen, which is
connected to the magnetization M by J = μ0 M. In the
absence of a specimen the resulting flux Φ is zero.

Usually the surrounding coil system contains a third
coil that senses the magnetic field strength H . It is con-
nected to a second fluxmeter integrator. In this way the
J(H) hysteresis loop can be measured directly using
one combined-coil system that can be made 1 mm thin.
The B(H) hysteresis loop can be derived from the J(H)
loop. Figure 10.3 shows the demagnetization curves of
different permanent-magnet materials measured using
surrounding coils.

Instead of the field measuring coil a Hall probe can
also be placed next to the specimen to sense H . This re-
quires additional space for the probe and an additional
measuring instrument. Because of the linearity error and
the temperature dependence of the sensitivity of a Hall
sensor, suitable corrections are necessary. Additional er-
rors can arise from the facts that the Hall probe always
has to be aligned truly perpendicular to the magnetic-
field direction and that it is, due to the small active area,
more sensitive to local field-strength variations.

The second coil system that is used in hysteresis-
graphs is the pole-coil measuring system [10.4]. It is
used mainly for hard ferrite magnets. The pole-coil sys-
tem consists of two coils that are embedded into one
pole of the electromagnet (Fig. 10.4). One coil is com-
pletely covered by the specimen. The other coil remains
free.

The first coil senses the flux density B at the surface
of the specimen. The second coil measures the magnetic
field strength H . Both coils are connected in series op-
position. In this way the polarization, J = B −μ0 H , is
obtained directly. This compensation also cancels out
the residual field of the poles before the specimen is
inserted.

2

H

J

H

J

2

4
1

3

Fig. 10.4 Hysteresis measurement with pole coils (1 – magnet spec-
imen, 2 – electromagnet poles, 3 – pole coils, 4 – field-strength
sensor)
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Fig. 10.5 Segment poles with pole coils

The surrounding coil measures the whole magnetic
flux penetrating the specimen. The pole-coil system
only senses the flux in a small area (typically with
a diameter of 3–6 mm) on the surface. Therefore it is
suitable for the detection of nonhomogeneities in differ-
ent regions. Especially for anisotropic ferrite magnets
it is usual to carry out measurements on both sides of
a magnet to quantify differences caused by the produc-
tion process.

Pole-coil systems are also made arc-shaped for mea-
surements on segment magnets for motor applications.
They must be machined to match the radii of the
segments exactly. Both the upper and the lower pole
contain a pair of pole coils.

Measurements at Elevated Temperatures. For meas-
urements at temperatures up to 200 ◦C pole caps with
built-in heating (Fig. 10.6) can be used. A hole in the
pole cap accepts a thermocouple for temperature meas-

Electromagnet (cold)
Thermal insulation
Heating plate
Pole face (warm)

Thermocouple
Electromagnet (cold)

Test specimen and compensated
surrounding coil for J and H

Test
specimen

Compensated
surrounding coil

for J and H

J integrator
Y

XH integrator

Computer and/or plotter

H

J = B–µ0H

Fig. 10.6 Heating poles for measure-
ments at elevated temperatures

urement and control. Prior to the measurement the
specimen must remain between the poles for a sufficient
time to reach the desired temperature. The surrounding
coil needs to be temperature-proof. Hysteresis meas-
urement is carried out in the same way as at room
temperature.

Measurements on Powders. Powder samples can be
measured in the same way as solid magnets if the pow-
der is filled into a nonmagnetic container, for example
a brass ring that is sealed with a thin adhesive foil at the
bottom. As the measured polarization depends on the
apparent density, it may be more feasible to regard the
specific polarization. The coercivity HcJ however can be
measured directly.

Vibrating Sample Magnetometer (VSM)
The VSM is used to measure the magnetic mo-
ment m and the magnetic dipole moment j = μ0m
in the presence of a static or slowly changing ex-
ternal magnetic field [10.5]. As the measurement
is carried out in an open magnetic circuit the
demagnetization factor of the specimen must be
considered.

Most instruments use stationary pickup coils and
a vibrating specimen but arrangements with vibrating
coils and rigidly mounted specimens have also been
proposed. The drive is either carried out by an elec-
tric motor or by a transducer similar to a loudspeaker
system.

The specimen is suspended between the poles of the
electromagnet and oscillates vertically to the field direc-
tion; it must be carefully centered between the pickup
coils.
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In the pickup coils a signal at the vibration fre-
quency is induced. This signal is proportional to the
magnetic dipole moment of the specimen but also to
vibration amplitude and frequency. The coil design en-
sures that it is independent of variations in the field
generated by the electromagnet.

The amplitude and frequency can be measured sep-
arately, for example using

• a capacitor with one set of fixed plates and one set
of movable plates (Fig. 10.7),• a pickup coil and a permanent magnet,• an electrooptical sensing system.

The signals are fed to a differential amplifier, so
that changes of oscillation amplitude and frequency
can be compensated. A synchronous detector (lock-
in amplifier) followed by a low-pass filter produces
a direct-current (DC) output signal that only depends
on the magnetic moment.

For the generation of the outer magnetic field
a strong electromagnet is required; the field direction is
horizontal. Water-cooled magnets are mostly used but
superconducting magnets are also common. The power
required is even higher than for a hysteresisgraph as
the volume between the pole caps is quite large. The
specimen rod must be able to oscillate, and sufficient
space for a pickup coil system is required between the
specimen holder and the pole caps.

Usually a distance that is sufficient for an optional
oven or a cryostat to heat or cool the specimen is chosen.
Ovens, LN2 or helium cryostats that are shaped to fit
between electromagnet poles are available. Care must
be taken to avoid errors due to magnetic components or
electrical supply lines. In this way the determination of
Curie temperatures and the observation of other phase
transitions become possible.

Figure 10.8 shows measurements on nanocrystalline
specimens. Measurement below room temperature was
carried out using an LN2 cryostat. Above room tem-
perature a tubular oven was used; it had a water-cooled
outer wall to avoid heating of the pickup coils and elec-
tromagnet poles. The oven can be evacuated or filled by
an inert gas to avoid specimen oxidation.

For practical purposes and to separate the mechan-
ical system from building oscillations it is usually
mounted onto the electromagnet. This offers a stable
base due to its large mass. For high sensitivity the trans-
fer of oscillations from the drive to the pickup coils
through the electromagnet should be avoided; a me-
chanical resonator can achieve this. In this case the drive
frequency must be matched to the resonant frequency.

2 1

54
3

6

9

87

Fig. 10.7 Vibrating-
sample magnetometer:
1 – oscillator, 2 – trans-
ducer, 3 – capacitor for
frequency and amplitude
measurement, 4 – dif-
ferential amplifier, 5 –
synchronous detector, 6
– pickup coils, 7 – spec-
imen, 8 – H field sensor,
e.g. Hall probe, 9 – elec-
tromagnet poles and coils
(frame not shown)

A VSM is mostly used for measurements on mag-
netically hard or semi-hard materials. Specimen forms
include small bulk samples, powders, melt-spun ribbons
and thin films. The VSM can also be used for meas-
urements on soft magnetic materials. In this case the
electromagnet can be replaced by a Helmholtz-coil sys-
tem.

VSMs are very sensitive instruments. Commercial
systems offer measuring capabilities down to approx-
imately 10−9 A m2. A system that used a SQUID
sensor instead of pickup coils achieved a resolution of
10−12 A m2 [10.6].

Closely related to the VSM is the alternating gra-
dient field magnetometer (AGM). As it is typically

M (T )
M (100 K)
1

0.5

0
0 200 400 600 800 1000

T (K)

Nd2Fe14B

Nd3.8Fe73.3V3.9Si1B18

Ts

Nd6Fe84Nb3Si1B6

Fe23B6

Fe3B α-Fe

Fig. 10.8 VSM measurement of the temperature dependence of
the magnetization M of nanocrystalline melt-spun samples. The
curve shows the spin-reorientation temperature Ts of Nd2Fe14B and
the Curie temperatures of the comprised phases (heating curves,
dT/dt = 45 K/min)
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1
2

3

4

5

Fig. 10.9 Torque magnetometer: 1 – torsion wire, 2 – light
beam, 3 – specimen rod with mirror attached, 4 – specimen,
5 – electromagnet on rotating base

used for measurements on thin films, it is discussed in
Sect. 10.4.

Torque Magnetometer
If the magnetization energy of a freely rotating speci-
men depends on direction, the specimen aligns with its
axis of easy magnetization parallel to a magnetic field.
The axis of easy magnetization is determined by the
magnetocrystalline anisotropy energy Ea if the speci-
men has rotational symmetry.

Magnet

Magnet

2r

r

0.6r

0.
93

r

a) b)

Fig. 10.10a,b Moment-measuring coils: solenoid (a) and Helmholtz
coil. (b) The dashed line in the Helmholtz coil marks the cross
section of the measuring space for 1% accuracy

If the magnetic field is rotated out of the preferred
direction by an angle α, the vector of polarization Js will
point in the direction of H , if the field strength is suf-
ficiently large to saturate the specimen. If H is smaller,
the direction of Js is rotated only by an angle ϕ < α.

For a material showing uniaxial anisotropy, the
anisotropy energy is assumed to be

Ea = K1sin2ϕ , (10.6)

where K1 is the uniaxial anisotropy constant. The mag-
netizing energy is

EH = HJS cos(α−ϕ) , (10.7)

which leads to the torque

L = − d(Ea + EH)

dϕ
= −K1 sin 2ϕ− HJS sin(α−ϕ) .

(10.8)

Therefore the determination of anisotropy constants re-
quires high field strengths or suitable extrapolation.
A broad discussion of the anisotropy energy for differ-
ent crystal symmetries can be found in [10.7, Chap. 5].

The specimen is attached to a rod that is suspended
between torsion wires, and is located between the poles
of an electromagnet. The electromagnet is mounted to
a base plate that can be rotated by 360◦. The rotation
angle can be measured and recorded.

The excitation of the specimen is measured by the
deflection of a light beam from a mirror that is attached
to the specimen rod.

Automated systems use an electrodynamic compen-
sation of the torsion, which is measured by an optical
system consisting of a mirror attached to the speci-
men rod, a light beam and photosensors to detect the
excitation. The excitation is compensated by an electro-
magnetic system that is located outside the stray field of
the electromagnet. The current in the compensating coil
is proportional to the torque.

The main application of the torque magnetometer
is the determination of anisotropy field constants of
hard magnetic materials, including small particles and
thin films. Other applications are the determination of
texture on grain-oriented electrical sheet and strip and
the determination of the anisotropy of susceptibility of
paramagnetic materials with noncubic structure.

Moment-Measuring Coils
Helmholtz-coil configurations [10.8] are very common
for the measurement of the magnetic dipole moment of
permanent magnets. They provide a large region with
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uniform sensitivity that can be easily accessed from all
sides. Long solenoids can also be used (Fig. 10.10). The
installation of the coil must be carried out with care.
No magnetic or magnetizable parts are allowed in the
vicinity of the coil as they would affect the measurement
result.

The measuring coil is connected to a fluxmeter. The
magnet specimen is placed in the center of the coil so
that the vector of polarization is aligned with the coil
axis. The fluxmeter is set to zero and the magnet is
withdrawn from the coil as long as the reading of the
fluxmeter changes. Alternatively the magnet can be ro-
tated by 180◦ so that the vector of polarization points
in the opposite direction. If the rotation method is used,
the fluxmeter reading must be divided by 2.

The magnetic dipole moment j of the specimen is
proportional to the measured magnetic flux Φ,

j = kΦ . (10.9)

The measuring constant k can be calculated from the
dimensions and the number of turns n of the coil. For
a Helmholtz coil, k is approximately 1.4r/n, where r is
the coil radius. In practice, k is obtained by calibration.

From the dipole moment, the magnetic polariza-
tion J in the working point of a magnet with the
volume V can be calculated using

J = j/V . (10.10)

This allows the determination of the working point if
the demagnetization curve of the material is known.

For an anisotropic magnet, the polarization in the
working point is typically only 1–3% lower than the re-
manence Br. This fact is used in the main application of
the method: a fast and repeatable test for Br. This makes
it popular in industrial quality control if a measurement
of the demagnetization curve is too time-consuming or
expensive.

The method can also be used for radially
anisotropic, arc-shaped magnets that are common in
motor applications (Fig. 10.11). As the coil only detects

Helmholtz coil

r

ß
Fig. 10.11
Measurement
of the magnetic
dipole moment
of a radially
anisotropic seg-
ment magnet

the magnetic moment parallel to the coil axis, a correc-
tion must be applied.

The measured magnetic dipole moment is

j ′ = 2JAr

β∫

0

cos β dβ . (10.11)

Here A is the cross-sectional area of the specimen. The
volume of the magnet,

V = 2Arβ , (10.12)

leads to the polarization

J = j ′

V

β

sin β
. (10.13)

Another application is the determination of the
anisotropy direction of block magnets. The magnetic
dipole moment is measured in the direction of one ge-
ometrical symmetry axis ( jx ) and in two perpendicular
directions ( jy, jz).

The angle α between the geometrical symmetry axis
and the axis of anisotropy is

α = arccos
jx√

j2
x + j2

y + j2
z

. (10.14)

10.2.3 Properties of Soft Magnetic Materials

DC Hysteresisgraph – Ring Method
The basic method for the measurement of quasistatic
hysteresis loops mostly uses ring-shaped specimens
(Fig. 10.12). Other specimen shapes providing a closed
magnetic circuit with constant cross section may also be
appropriate. The specimen is equipped with a primary
winding and a secondary winding.

Usually the bipolar current source is computer-
controlled and the fluxmeter and ammeter are also
integrated into a data-acquisition system.

Fluxmeter

A

N1 N2

Fig. 10.12 Circuit of the ring method
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The magnetizing current I is applied to the primary
winding. The magnetic field strength H is calculated
from

H = N1 I

lm
, (10.15)

where N1 is the number of turns of the primary winding.
The mean magnetic path length lm is usually obtained
from

lm = π
D +d

2
, (10.16)

where D is the outside diameter and d is the inside
diameter of the ring.

The radial variation of H must be kept small. There-
fore the ratio between the outer diameter and inner
diameter should not exceed 1.4. Thinner rings are often
impracticable, especially for fragile sintered specimens.
If this condition cannot be met for any reason, lm can
better be calculated with respect to the average field
strength,

lm = π
D −d

ln
( D

d

) . (10.17)

The voltage that is induced into the secondary wind-
ing must be integrated to obtain the magnetic flux Φ.
Therefore a fluxmeter is used. From the flux Φ, the flux
density B is calculated as

B = Φ

N2 A
. (10.18)

Here N2 is the number of turns of the secondary wind-
ing and A is the cross-sectional area of the specimen.
For a massive ring of rectangular cross section and
height h, the area is calculated from

A = D −d

2
· h . (10.19)

If the ring consists of stacked sheets or wound ribbons,
the area must be calculated from

A = 2m

ρπ(d + D)
, (10.20)

where m is the mass and ρ is the density of the specimen
material.

Prior to the measurement the specimen is demagne-
tized. An alternating current with decreasing amplitude
is applied to the primary winding. The frequency
and decay rate of this current can be preset. The
measurement can then be started with the initial magne-
tization curve. The hysteresis loop is either excited up

to the maximum current provided by the current source
or to a preset limit of H or B.

Often the measuring speed is controlled so that
a constant rate of change of the flux density with time,
dB/dt, is achieved. This allows the steep parts of the
loop to be passed slowly to avoid errors due to eddy
currents. The flat parts of the curves can be passed faster
as eddy currents do not affect the magnetization. How-
ever, the instrument must also have the possibility to run
curves at constant speed, for instance in the case that
control is not possible, e.g. for a high squareness loop.
The typical time to trace a hysteresis loop is of the order
1 min.

Quasistatic measurement allows one to obtain mag-
netic material properties independently of the influence
of eddy currents. In this way the hysteresis loss can be
obtained directly by integrating the area of the hystere-
sis loop

P =
∮

B dH . (10.21)

Coercivities of soft magnetic ring specimens range from
less than 0.1 A/m for ring cores made of wound ribbons
of amorphous alloys up to several 100 A/m for rings
made of solid steel or sintered material. Depending on
the ring dimensions, current and number of primary
turns, typically maximum field strengths up to approxi-
mately 10 kA/m can be achieved.

The permeability curve μr(H) can be created by di-
viding the corresponding values of B and μ0 H , which
are usually taken from the initial magnetization curve.
The highest point of the μr(H) curve, the maximum
permeability μmax, is typically stated in measurement
reports.

Figure 10.13 shows some sample measurements
on different materials. The field-strength excitation is
5 kA/m for the Fe-Si and 60 A/m for the Fe-Ni speci-
men.

Winding a Ring Specimen. In schematic drawings
such as Fig. 10.12 primary and secondary windings are
usually shown on opposite sides of the ring. This con-
figuration produces a high stray field if the permeability
decreases while approaching saturation. Therefore, both
windings are often equally distributed around the cir-
cumference if the number of turns is sufficiently large.
To avoid air flux between the ring and the secondary
winding, this winding is wound directly onto the ring.
The primary winding is wound onto the secondary
winding.
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Fig. 10.13a–c Hysteresis loops of ring specimens measured by the DC ring method, (a) Fe-Si alloy with round (R-)hysteresis
loop, (b) Fe-Ni alloy with high squareness (Z-)loop, (c) amorphous cobalt alloy with flat (F-)loop

Each of the equally distributed windings produces
an effective circular turn with a diameter equal to the
mean diameter of the ring. In this way the primary wind-
ing produces a magnetic field in the direction of the
ring axis. This can be avoided by winding the turns in
pairs of layers that are wound alternating clockwise and
counterclockwise around the ring.

This also reduces the error arising from the effective
mutually inductive coupling between the two windings
in the axial direction. To minimize this error, the wire
of the secondary winding can also be led back along the
mean diameter of the ring.

After winding, the specimen should be checked for
short circuits between the windings and core.

Specimens for ring-core testing include wound rib-
bons of amorphous alloys and iron-nickel alloys. If the
magnetic properties can easily be altered by mechani-
cal stress, the windings cannot be applied to the cores
directly. The cores can be coated or placed in plas-
tic core boxes that are wound afterwards. Prefabricated
windings with multipole connectors are also used.

Depending on the field-strength range, the air flux
between the measuring winding and specimen must be
considered. The flux density must then be calculated
from

B = Φ

N2 A
−μ0 H

A2 − A

A
, (10.22)

where A2 is the cross-sectional area of the secondary
winding and A is the area of the specimen.

DC Hysteresisgraph – Yoke Methods
The DC hysteresisgraph or permeameter is used for
quasistatic hysteresis measurements on soft magnetic
materials. The specimen can either be a bar with round
or rectangular cross section or a strip of flat material.

The choice of the method depends on the shape and
magnetic properties of the specimen. Yoke methods are
generally used instead of the ring method if the coerciv-
ity of the specimen material is larger than 50–100 A/m.
Maximum field strengths range from 50–200 kA/m.

The most widespread yoke configurations today
are the permeameter yokes type A and type B ac-
cording to [S-10-31] and the Fahy permeameter [10.9]
(Fig. 10.14). Many other, often similar, configurations
have been designed. A larger collection can be found
in [10.10].

For the measurement of the flux density B, a coil
that is directly wound onto the specimen can be used. In
everyday use J-compensated coils are often preferred.
They can be made sturdier and can be used for speci-
mens with various diameters and shapes.

The measurement of the field strength H can be
carried out by a Hall probe or a field-measuring coil
(search coil) next to the specimen. Due to the restricted
space, this approach is used with the type A permeame-
ter. Another way is a c-shaped potential-measuring coil,
as shown in Fig. 10.14b for the type B permeameter. It is
placed directly onto the specimen surface and senses the
magnetic potential difference P between its ends. The
magnetic field strength is obtained by H = P/s, where
s is the distance between the ends of the potential coil.
A straight potential-measuring coil can be used with the
Fahy permeameter.

In the type A permeameter, the specimen is sur-
rounded by the magnetizing coil. This configuration
generates relatively high field strengths. However, spec-
imen and field strength sensor are heated directly by
the power dissipation in the coil. If the field strength is
increased above approximately 50 kA/m, forced air or
even water cooling becomes necessary. The minimum
specimen length for the type A permeameter is 250 mm.
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Fig. 10.14a–c Permeameters: IEC Type A (a), IEC Type B (b), Fahy Simplex (c). 1 – specimen, 2 – yoke frame, 3 – exchangeable
pole pieces, 4 – field-generating coils, 5 – surrounding coil for B or J , 6 – sensor for H

The type B permeameter uses specimens that are
only 90 mm long, but the maximum field strength is lim-
ited to 50–60 kA/m as the yoke frame saturates above.

Like in the DC ring method, the measuring speed
is often controlled to dB/dt = const. to minimize the
influence of eddy currents on the measurement results.

Coercimeter. The size and shape of soft magnetic
components often makes it impossible to measure the
complete hysteresis loop. In this case a coercimeter
can be used to determine the coercivity HcJ. As this
quantity depends sensitively on the microstructure, it is
a good indicator of successful material heat treatment.
The measurement is carried out in an open magnetic
circuit.

A solenoid is used to magnetize and demagne-
tize the specimen. The maximum field strength must
be sufficient to achieve technical saturation, beyond
which the coercivity would remain constant if the mag-
netizing field strength were further increased. This
can be tested by a series of measurements with in-
creasing magnetizing field strengths. The required field
strength depends on the specimen material and shape.
Commercial solenoids provide up to 100–200 kA/m.
Sometimes an additional higher-field pulse is used for
saturation.

After the specimen has been saturated and the
polarity is reversed, the field strength must be in-
creased slowly to avoid errors due to eddy currents
in the specimen. A field sensor detects the stray
field. For a homogeneously magnetized specimen the
stray field vanishes at HcJ. Fluxgate probes, Hall
probes or compensated coils can be used as zero-field-
strength detectors. The arrangement of the sensors in

Fig. 10.15 ensures that only the stray field of the spec-
imen and not the field generated by the solenoid is
measured.

Formerly it was usual to align the instrument with
respect to the Earth’s magnetic field. Today shielded
systems are preferred as they are easier to install and
also dynamic noise fields are suppressed.

It is often claimed that coercimeters allow meas-
urement of the coercivity independently of the specimen
shape. For machined components such as parts of re-
lays the coercivity is not uniform due to mechanical or
heat treatment. Complex-shaped parts are not uniformly
magnetized. In these cases the coercimeter provides
only an integral value given by the vanishing stray field
at the sensor position.

AC Hysteresisgraph. An AC hysteresisgraph is mainly
used for ring specimens but also sometimes with fix-
tures that allow measurements of strips. In these cases

3

2

1

3

4

Fig. 10.15 Coercimeter: 1 – specimen, 2 – field-generating
solenoid, 3 – field sensors, 4 – zero detector
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the feedback yoke, e.g. a C-core, must be laminated to
avoid eddy currents. The permeability should be high
compared with the permeability of the specimen.

For the winding of the ring specimen the same con-
siderations as for the DC ring method apply.

The simplest version of an AC hysteresisgraph uses
an oscilloscope. The secondary induced voltage is in-
tegrated using a resistor–capacitor (RC) circuit. The
output is displayed as a function of the primary current.
Today this method is mainly used for demonstration
purposes. For material testing, digital data-acquisition
systems are more suitable.

Figure 10.16 shows the operating principle. A pro-
grammable function generator controls a power ampli-
fier that supplies a current I to the primary winding of
the specimen. The current is measured using a shunt
with negligible inductance. From the current and the
magnetic path length lm the field strength H can be cal-
culated. The secondary induced voltage is digitized and
integrated to obtain the flux density B.

The measuring conditions have to be defined to
achieve comparable results. Programmable function
generators allow the waveform of B to be defined as si-
nusoidal [10.11]. A sinusoidal H can be easier achieved
using a current output amplifier. Systems with digital
control for B are available up to frequencies of sev-
eral kHz, while uncontrolled systems can reach several
100 kHz or even a few MHz.

Due to an increase of applications for soft mag-
netic materials using pulse-width modulation (PWM),
the interest in measuring systems that allow meas-
urements in the presence of higher harmonics is
growing [10.12]. Function generators with arbitrarily
programmable waveforms can meet these requirements.

After U1(t) and U2(t) have been recorded, various
evaluations can be carried out. The hysteresis loop and
the total loss can be calculated.

The AC hysteresisgraph can also measure the curve
of normal magnetization, also called commutation
curve. Therefore the amplitude of the magnetizing cur-
rent is successively increased and corresponding peak
values of the field strength and flux density, Ĥ and
B̂, are recorded. The amplitude permeability μa(H) or
μa(B) can be calculated from these.

Epstein Frame. The Epstein frame is mainly used by
producers and users of electrical sheet and strip. Many
consignments in industry are based on Epstein values.
The main disadvantage of the method is the demanding
specimen preparation and the large quantity of speci-
men material. The classical Epstein frame had a width

S A
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H D
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N1 U1
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Fig. 10.16 AC hysteresisgraph: 1 – programmable frequency gener-
ator, 2 – power amplifier, 3 – specimen, 4 – transient recorder with
preamplifier and analog-to-digital conversion

250 mm

lm= 940 mm

2

1

Fig. 10.17 25 cm
Epstein frame:
1 – specimen,
2 – magnetizing
and measuring
coils

of 50 cm and required about 10 kg specimen mass. It
has been nearly completely replaced by the 25 cm frame
(Fig. 10.17).

Four coil sets form the frame. Each of them con-
tains two windings: an inner flux measuring winding
and an outer winding to magnetize specimen. The spec-
imen must be cut into strips that are between 280 mm
and 320 mm long and 30 mm±0.2 mm wide. These are
stacked into the frame so that they overlap alternately in
the corners.

For nonoriented material, one half of the strips is cut
in the rolling direction and the other half perpendicular
to it. The strips cut perpendicular to the rolling direction
must be placed at opposite sides.

Measurements are mainly carried out at power-line
frequencies (50–400 Hz). Rarely the Epstein frame is
also used for quasistatic measurements or up to the
kHz range. Normally the measurements are carried out
under the condition of sinusoidal flux density B. The
excitation is typically limited to B̂ = 1.5 T for nonori-
ented and B̂ = 1.8 T for oriented material. At higher
excitations, digital or analog feedback control becomes
necessary.
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1

2

Fig. 10.18 Air-
flux compensa-
tion using an
adjustable mu-
tual inductor:
1 – Epstein
frame,
2 – mutual
inductor

To calculate the magnetic field strength H from the
magnetizing current I , the magnetic path length lm is re-
quired (10.11). Due to the overlapping edges, lm cannot
be determined exactly. Therefore it is set by definition
to 94 cm for the 25 cm frame.

To obtain the polarization J , the air flux that is
generated in the measuring coils must be compen-
sated. A mutual inductor is the conventional solution
(Fig. 10.18). It is adjusted so that the output of the mea-
suring winding is canceled out if no specimen is inserted
in the frame.

Today the Epstein frame is mostly connected to
a data-acquisition system, as shown in Fig. 10.16 for
the AC hysteresisgraph. Then the air-flux correction
can also be carried out by calculating the difference
between a measurement with an empty frame and the
measurement on the specimen.

The Epstein frame is not always used to measure
the complete hysteresis loop. If only loss or perme-
ability data are required, the wattmeter method or the
voltmeter–ammeter method can be applied to the Ep-
stein frame.

Single-Sheet Tester. The single-sheet tester (SST) uses
a yoke to close the magnetic circuit (Fig. 10.19). The
specimen is placed between the two halves of the yoke
inside a set of coils that consists of an inner measuring
coil and an outer coil that applies the magnetizing field.

1
2

3500 mm

Fig. 10.19
Single-sheet
tester: 1 – spec-
imen, 2 – yoke
frame, 3 – mag-
netizing and
measuring coils

The standardized SST yoke is 500 mm long and
wide. It is designed for sheets with a minimum length of
500 mm. A square specimen allows measurement in and
perpendicular to the rolling direction. Narrower speci-
mens can also be measured. For a sufficient measuring
signal, they should cover at least 60% of the yoke width.
In practice down-scaled frames for smaller specimen
sizes are also used.

To minimize the influence of eddy currents, the
frame must be made of strip-wound cut cores or stacked
isolated sheets. The magnetic losses of the yoke must be
much smaller than the losses of the specimen. Therefore
high-quality electrical steel or iron-nickel alloy is used.

The main advantages compared to the Epstein frame
are lower specimen mass and easier specimen prepara-
tion and installation. The SST allows the measurement
of the same quantities and curves as the Epstein frame.
The electronic part of the instrumentation is principally
the same.

For comparing Epstein frame to SST measurements,
it is essential to explore the relationship between the
two methods [10.13]. The results of an extended com-
parison for grain-oriented steel are compiled in [10.14].
Unfortunately a single correlation factor for all material
grades could not be established.

Normally the field strength is calculated from the
magnetizing current. In this case the magnetic losses of
the yoke and in the gaps to the specimen must be min-
imized. An uncertainty also exists in the determination
of the magnetic path length. To overcome these diffi-
culties, a measurement of the field strength has been
proposed, among others by [10.15], but attempts in this
direction have shown poor reproducibility.

Wattmeter Method. The wattmeter method is used to
measure the specific total loss (power loss) on ring spec-
imens at a given alternating-current (AC) excitation.
The measurement is carried out under condition of sinu-
soidal magnetic flux density. For some specimens this
may require digital control of the magnetizing current
waveform or an analog feedback control of the power
amplifier.

The circuit of the wattmeter method is shown in
Fig. 10.20. Three instruments are necessary: a voltmeter
V1 displaying the average rectified value (sometimes
scaled to 1.111 times the rectified value), a voltmeter
V2 displaying the root mean square (rms) voltage and
a wattmeter. All instruments must have high input
impedances and the wattmeter must have a low power
factor.
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Prior to a measurement the specimen must be de-
magnetized. Therefore the amplitude of the magnetizing
alternating current is slowly reduced from its maximum
value to zero. The current is then increased to gener-
ate the desired flux density B̂ in the specimen. This is
determined via the average rectified voltage

|U1| = 4 fN2 AB̂ . (10.23)

The form factor of the secondary waveform must be
verified to ensure a sinusoidal flux density. This is deter-
mined by the ratio of the rms voltage U2 to the average
rectified voltage U1. Additionally an oscilloscope can
be used to monitor the waveform.

For the calculation of the total loss of the specimen,
the power Pi consumed by the instruments connected to
the secondary winding must be taken into account. As
the voltage shall be sinusoidal it is, to a first approxima-
tion, equal to

Pi =
(
1.111 · |U2|

)2

Ri
, (10.24)

where Ri is the combined input resistance of all the
instruments connected to the secondary winding. The
total loss P of the specimen is calculated from the read-
ing Pm of the wattmeter using

P = N1

N2
Pm − Pi . (10.25)

The specific total loss is obtained by dividing P by the
mass of the specimen.

Voltmeter–Ammeter Method. The voltmeter–ammeter
method allows the determination of the normal magneti-
zation curve and the amplitude permeability. The circuit
of the method is shown in Fig. 10.21. The instruments
needed are an average-type voltmeter, a root-mean-

W

N1

V1 V2

N2

Fig. 10.20 Circuit diagram of the wattmeter method. V1 is
an average-type voltmeter, V2 is an rms voltmeter

square-type (rms) voltmeter and an rms or peak-reading
ammeter or a noninductive resistor and appropriate volt-
meter. The voltmeters must have high input impedances.
An oscilloscope can be helpful to monitor the secondary
induced waveform.

If comparable results are desired, either the wave-
form of the primary current or of the secondary voltage
must be kept sinusoidal. Depending on the excitation
and the shape of the hysteresis loop control can be nec-
essary. A sinusoidal H waveform can be achieved by
a current-controlled power amplifier or by a feedback
using a noninductive resistor in the primary circuit. This
can be the resistor used for current measurement. A si-
nusoidal secondary voltage can be achieved by analog
or digital control. The form factor can be determined
by the ratio of the rms voltage to the average rectified
voltage.

The excitation field strength Ĥ is calculated from
the current I using (10.15). If I is sinusoidal it can be
measured by multiplying the rms value by the square
root of 2. If the primary waveform is significantly non-
sinusoidal a peak-reading instrument would be required.
In practice this is often ignored and an effective ex-
citation field strength that is lower than the real field
strength is used instead.

Prior to the measurement the specimen is demagne-
tized. Then I is successively increased and the average
rectified value of the secondary voltage is measured.
The flux density B̂ is calculated from (10.23). The nor-
mal magnetization curve can be obtained by plotting
corresponding values of Ĥ and B̂.

The relative amplitude permeability μa can be cal-
culated from

μa = B̂

μ0 Ĥ
(10.26)

A

N1

V1 V2

N2

Fig. 10.21 Circuit diagram of the voltmeter–ammeter
method. V1 is an average-type voltmeter, V2 is an rms
voltmeter
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Fig. 10.22 Saturation coil: 1, 2 – windings of a Helmholtz
coil, 3, 4 – permanent magnet material, 5 – fluxmeter, 6 –
specimen; the dashed line (7) marks the maximum speci-
men volume for 1% accuracy

and the rms amplitude permeability from

μa,rms = B̂

μ0
√

2H̃
, (10.27)

where H̃ is the rms value of the field strength.

Saturation Coil. The saturation coil, sometimes also
called Js-coil or saturation magnetometer, combines the
moment-measuring coil with a permanent-magnet sys-
tem that magnetizes soft magnetic specimens [10.16].
The measuring coil, usually a Helmholtz coil, is con-
nected to a fluxmeter.

When a specimen with volume V is inserted into
the coil, it is magnetized and the magnetic dipole mo-
ment j can be obtained from the flux measurement
using (10.9). If the field strength is sufficiently high, the

3 3a) b)

1

1

2
2

Fig. 10.23 (a) Faraday method and (b) Gouy method, 1 – specimen,
2 – electromagnet poles, 3 – balance

saturation polarization can be determined through

JS = j

V
. (10.28)

Of course the specimen can also be withdrawn from the
coil for measurement, but the rotation method, which is
frequently used with the moment-measuring coil, can-
not be used.

For lower field strength the relative permeability can
be calculated using

μr = 1+ J

Hi
. (10.29)

The inner field strength Hi of the specimen must be
determined from the magnetizing field strength, taking
into account the demagnetization factor.

The main applications of the method are the de-
termination of the saturation polarization of specimens
made of nickel or nickel alloys and the determination of
the cobalt content in hard metal specimens.

Magnetic Scales. Magnetic scales or balances measure
the force that acts on a magnetic specimen in a nonho-
mogeneous field [10.17]. From this force the following
quantities can be determined

• magnetic moment m and magnetic dipole moment
j = μ0m,• magnetic permeability μ and magnetic susceptibil-
ity χ = μ−1.

As the specimens can be easily heated or cooled, the
methods can also be used to measure the temperature
dependencies of the properties. This includes the de-
termination of Curie and Néel temperatures and the
observation of other phase transitions.

Faraday Method. The force acting on a small specimen
with volume V in a magnetic field with gradient dH/dy
is

F = j
dH

dy
= Vχ H

dH

dy
. (10.30)

The specimen is suspended from the scale so that
it is located between the poles of an electromagnet
(Fig. 10.23). The pole caps are shaped such that the
product H(dH/dy) is constant over the whole volume
(gradient pole caps), so that the force is proportional to
the susceptibility χ. The Faraday method is suitable for
all kind materials, especially ferro- and ferrimagnetic
specimens. It allows the determination of the satura-
tion polarization JS for soft magnetic materials if the
specimen shape is appropriate.
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Gouy Method. A long bar-shaped specimen is sus-
pended from the scale so that one end is located
between the poles of an electromagnet generating a field
strength H . The other end outside the poles is only af-
fected by the stray field strength Hs � H . The force
acting on the whole sample is

F = 1
2 Aχ

(
H2 − H2

s

)
≈ 1

2 Aχ H2 , (10.31)

where A is the cross-sectional area of the specimen. The
Gouy method is mainly used for para- and diamagnetic
materials including liquids and gases.

Impedance Bridges. If an alternating current is sup-
plied to a coil that contains a ferromagnetic core,
a phase shift between magnetic field strength and flux
density occurs. The magnetic material can be character-
ized by the complex permeability

μ = μ′ − iμ′′ . (10.32)

The impedance of the filled coil is

Z = R + iωL = ωμ′′L0 + iωμ′L0 (10.33)

if losses and additional phase shifts that are not caused
by the core material are neglected. L0 is the inductance
of the measuring winding without the magnetic core.
For a cylindrical specimen, it can be calculated as

L0 = μ0

2π
ln

(
D

d

)
hN2 , (10.34)

where D is the outer diameter, d is the inner diameter
and h the height of the coil, and N is the number of
turns of the winding.

The loss angle δ and the Q-factor can be determined
from

tan δ = R

ωL
= 1

Q
= μ′′

μ′ . (10.35)

For the determination of Z , various impedance bridges
are available from electrical measuring techniques; they
differ in sensitivity and frequency range. For the char-
acterization of magnetic components, suitable circuits
are used in a frequency range of approximately 1 Hz to
100 MHz. A basic circuit is the Maxwell–Wien bridge
shown in Fig. 10.24. It can be used from about 50 Hz to
100 kHz.

The specimen, a ring core that is uniformly wound
with a single winding, is defined by its equivalent cir-
cuit diagram consisting of Rx and Lx . The bridge is
balanced if

Rx = R1 R2

Rv
(10.36)

A

R1

Rv

Cv

R2

Rx

Lx

Fig. 10.24
Maxwell–Wien
bridge

and

Lx = R1 R2Cv . (10.37)

Rx consists of the loss R caused by the magnetic core
and the loss in the winding

Rx = R + R0 . (10.38)

The loss in the winding R0 is basically the DC re-
sistance if the frequency is not too high, and can be
obtained from a resistance measurement.

The inductance Lx is composed of the leakage in-
ductance Lσ and the inductance of the specimen L

Lx = Lσ + L = Lσ +μ′L0 . (10.39)

For large permeabilities the leakage inductance Lσ can
be neglected and μ′ can be calculated to

μ′ = L

L0
≈ Lx

L0
. (10.40)

Otherwise the real inductance L ′
0 of the winding should

be considered. L ′
0 can be measured on an air-core coil:

a winding that is wound on a nonmagnetic core and
that has the same dimensions as the measuring wind-
ing. It can be assumed for small permeabilities that the
stray field would be the same, regardless whether there
is a core or not. With

L ′
0 ≈ Lσ + L0 , (10.41)

it follows that

μ′ ≈ 1+ Lx − L ′
0

L0
. (10.42)
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At higher frequencies the resistance of the winding dif-
fers from the DC resistance due to the skin effect. In
this case mutual inductance bridges provide more accu-
rate results, as in these circuits the resistance of the wire
does not enter the measuring result. The specimens must
be equipped with two windings. Suitable circuits are the
Wilde [10.18] and Hartshorn bridges. Further methods
are compiled in [10.19].

Measurement of Magnetostriction. Magnetostriction
comprises all dimensional changes of a specimen that
are caused by changes in magnetization. For both the
volume-invariant shape effect and the volume magne-
tostriction, a measurement of a change of the specimen
length in one or more dimensions can be carried out.

The specimen is placed in the center of a solenoid,
which generates the magnetic field required. The
change in length is transferred via a rod to a dis-
placement transducer that is located outside the stray
field of the solenoid. The material of the rod must be
properly chosen to keep the outer force acting on the
specimen as small as possible and to avoid errors due
to temperature-induced changes in length. Capacitive,
inductive or optical sensors are used to measure the
displacement.

Another method uses strain gauges that are directly
attached to the specimen. To cancel out errors due to the
magnetic and thermal properties of the strain-sensing
element, a second element of the same type can be at-
tached to a substrate that shows no magnetostriction but
is exposed to the same environment. The two sensing
elements can be connected to opposite paths of a bridge
circuit.

A third method uses a single-mode optical fiber
attached to the specimen. The fiber is part of an inter-
ferometer. The change in length is detected as a phase
shift in the electromagnetic wave propagating in the
fiber [10.20].

1 2

3

4

Fig. 10.25 Magnetostriction measurement: 1 – solenoid, 2
– specimen, 3 – specimen rod, 4 – displacement transducer

The volume magnetostriction can also be measured
by the conventional measuring method for volumetric
content. The specimen, immersed in a liquid, is exposed
to the magnetic field.

Magnetostriction is an important parameter in many
applications of electrical steel. A comprehensive de-
scription of magnetostriction measuring methods for
these materials can be found in [10.21].

Measurement of the Hysteresis Loop
of Amorphous or Nanocrystalline Ribbons

Sample Shape. In the case of soft magnetic ribbons the
hysteresis loop can be measured on

1. open ribbons, in which case the demagnetizing fac-
tor has to be considered,

2. toroids.

The temperature the loop is measured is also important.
In the case of low- or high-temperature measurements
the system has to withstand the desired temperature.

In principle, magnetic measurements should always
be carried out on a toroid instead of open ribbons be-
cause only then is a closed magnetic circuit realized.
For ribbons this method has the disadvantage that the
material is not in a stress-free state – there is a tensile
stress on the outer surface and comprehensive stress on
the inner surface. Another possibility is to use a single
straight ribbon but then the demagnetizing field has to
be considered.

Hysteresis Loop on a Single Ribbon. When hystere-
sis is measured on a single open ribbon a well-defined
external stress can be applied. Temperature-dependent
measurements are possible, although technically more
complex. The facilities necessary for measuring the hys-
teresis loop are field coils, a compensated pickup coil,
a current source, an ammeter and an integrator (flux-
meter). For the measurement of coercivity a Helmholtz
coil is mainly used, and for the measurement of satura-
tion magnetization the field is applied by a cylindrical
coil producing a sufficient high field. The coils are en-
ergized by a computer-controlled power supply.

The devices are connected and controlled by a data-
acquisition and control unit, forming a full automatic
hysteresis-loop system. Figure 10.26 shows as an exam-
ple a set up for such a hysteresis measurement on single
strip ribbons.

In this case a compensated pickup system has to be
used. When the pickup and the compensation coils are
connected, so that the induction signals due to the field
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Digital voltmeter
(Keithley K2000)

Digital amperemeter
(Keithley K196)

Computer

Power amplifier
(KEPCO BOP 100-4M)

IEEE GPIB card

Fluxmeter integrator
Steingroever EF4

Input B 10 kΩ

Out

5 kHz bridge
amplifier

Force sensor

Helmholtz
coil

Cylindrical
coil

Cryostat

I (A)

Uind

Fig. 10.26 Hysteresisgraph for a quasistatic hysteresis measurements and devices for force measurement for single
ribbons

are subtracted, the remaining signal will be proportional
to the magnetization M

uind = upick −ucomp = −Npickμ0 Arib
dM

dt
. (10.43)

Magnetostriction. Magnetostriction on thin ribbons
can be measured by direct and indirect methods. Di-
rect methods are, for example, measurements with
strain gauges, capacitance transducers or interferom-
eters. All these methods have the disadvantage that
sample preparation is difficult. Strain gauges are lim-
ited in sensitivity (Δλ/λ0 = ±1 × 10−6) . Additionally
the saturation magnetostriction constant has to be deter-
mined from measurements parallel and perpendicular to
the external field.

Indirect methods are the Becker–Kersten method
[10.22] and the small-angle magnetization-rotation
(SAMR) method [10.23]. With the Becker–Kersten
method the magnetostriction is determined from the
stress dependence of the hysteresis loop. The SAMR
method was developed by Narita et al., especially for
ribbon shaped materials with a small magnetostriction
constant.

The SAMR Method. First of all a DC field is applied in
the ribbon axis. This field should magnetically saturate
the sample. Then a smaller AC field (with frequency f )

is applied perpendicular to the ribbon axis. This causes
a small rotation (small angle) of the magnetization vec-
tor out of the ribbon axis. A small induction signal
with double the frequency of the AC field is now de-
tected by a pickup coil (Fig. 10.27a) and measured by
a lock-in amplifier. Applying an external stress to the
ribbon causes, for ribbons with positive magnetostric-
tion, a decrease in the deflection angle, whereas for
samples with negative magnetostriction the angle in-
creases (Fig. 10.27b). Now the DC field HDC is changed
in such a way that the deflection angle and therefore

a) b) c)

Induction signal Applied stress

DC field

AC field

Fig. 10.27a–c MagnetostrictionmeasurementbytheSAMR
method
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Fig. 10.28 Experimental set up for magnetostriction measurement by SAMR method

also the induction signal go back to their initial value
(Fig. 10.27c). The variation of the DC field ΔHDC and
the variation of the external stress Δσ determine the
magnetostriction constant. To get an accurate value this
procedure has to be repeated step by step with increas-
ing stress. From the balance of the magnetic and the
magnetoelastic energy one can calculate the saturation
magnetostriction as

λs = −1

3
Js

(
ΔHDC

Δσ

)∣∣∣∣
f
= −1

3

Φsat

Arib

(
ΔHDC

ΔF/Arib

)

= −1

3
Φsat

(
ΔHDC

ΔF

)
, (10.44)

where Js is the saturation polarization of the ribbon
at a certain temperature. The polarization Js is pro-
portional to α/Arib, where α is the output value of
the fluxmeter and Arib is the cross section of the sam-
ple. The value of Δσ is given by ΔF/Arib. According
to the equation above the magnetostriction then be-
comes completely independent of the cross section. The
magnetostriction then depends only on the exact meas-
urement of the magnetic flux (saturation value Φsat),
on the measurement of the force F(ΔF = F1 − F2,
by the force-sensor bridge) and on the measurement
of the magnetic field HDC (ΔHDC = HDC1 − HDC2 ).
Figure 10.28 shows as an example a possible set up

for magnetostriction measurements using the SAMR
method.

This method was used successfully to determine the
magnetostriction of many amorphous materials [10.24].
It delivers comparable results and achieves a sensitivity
in the magnetostriction constant of up to 10−9 [10.25].

Magnetoimpedance. Relevant information about trans-
versal magnetization processes in magnetic materials
can be obtained from the field H and frequency f
dependence of the complex impedance (Z = R + iX).
In soft magnetic high-permeability materials, large
variations of Z (for current frequencies larger than
100 kHz) have been observed upon the application of
relatively small magnetic fields, the so-called giant
magnetoimpedance effect (GMI) [10.26–28]. Gener-
ally magnetoimpedance is based on the application
of an AC field caused by an inhomogeneous field
distribution in a conducting material with a high
permeability. This effects depends therefore on the
frequency, and on the applied field, but also on ma-
terial parameters such as the conductivity as well
as the permeability – which depends additionally on
the applied DC field – of the material. Additionally
the sample geometry (ribbons, wires) as well as lo-
cal fluctuations of material parameters have to be
considered.
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Magnetic Properties 10.3 Magnetic Characterization in a Pulsed Field Magnetometer (PFM) 567

For these measurements one needs: a digital lock-
in amplifier working over a broad frequency range,
a power supply, a dynamic signal analyzer, some form
of digital multimeter, and a computer with an inter-
face for the data acquisition. The lock-in amplifier
supplies the AC signal and is also employed to read
the real and imaginary voltage drop across the sample.
In GMI measurements, a constant-current source sup-
plies a constant AC current flowing along the sample
in order to assure a constant circular magnetic field.
As the generator of the lock-in works generally as
a constant-voltage source, either one uses an external
constant-current source or one measures the AC voltage
drop across a resistor R, which determines the actual
current through the sample as shown in Fig. 10.4. In
this experiment not only the AC current has to be con-
trolled but also the phase signal. In order to do this
a two-position relay controlled by a computer can be
used; the two positions correspond to calibration and
measurement. In the calibration position (Fig. 10.29),
the signal is applied to the sample, which is in series
with a grounded resistor and the lock-in measures the
voltage across the resistor, which can be controlled to
maintain a constant intensity value. In the measurement
position (Fig. 10.29), the relay inverts the ground and
signal position so that the signal is applied to the re-
sistor, and the sample is grounded. The lock-in thus
measures the sample’s signal. The voltage over the sam-
ple is measured in a four-probe configuration and the
contacts with the sample are made using silver conduct-
ing ink.

The magnetic DC field, which is applied along the
sample’s length, is supplied by a pair of Helmholtz

Electronic device

Measuring
position

Relay

Calibrating
position

Sample

Output
Lock-in
EG&G 5310

Input

R
R

R

Fig. 10.29 Schematic diagram of the electric necessary to measure
the magneto-impedance

coils connected to a power supply, which operates as
a current source. The current passing through the coils
is measured by a multimeter. With this equipment the
magnetoimpedance as a function of frequency and ex-
ternal DC field can be measured. Furthermore, the
experimental set up can be completed by a dynamic
signal analyzer, which allows one to follow the time
dependence of the impedance after a sudden rearrange-
ment of the domain configuration [10.29]. After the
magnetic field is switched off (t = 0), it is possible to
measure both R and X from t0 up to t1 by connecting
the DC output of the lock-in to one of the inputs of the
signal analyzer. The sensitivity is high enough to notice
relative variations as low as 0.1%. With this extension
magnetic disaccommodation of the magnetoimpedance
can also be measured.

10.3 Magnetic Characterization in a Pulsed Field Magnetometer (PFM)
Industrial producers and consumers of magnets are in-
creasingly demanding systems which allow fast and
reliable online tests of the hysteresis properties of
magnets. High-quality permanent magnets based on
rare-earth intermetallic compounds such as Sm-Co and
Nd-Fe-B exhibit coercivities of 2 T and sometimes
even higher, which are too high for Fe-yoke-based sys-
tems [10.7, 30].

The current conventional methods, namely vibrating-
sample magnetometers (VSMs) and permeameters have
limiting physical constraints. Fe-yoke-based VSMs and
permeameters offer only a limited field strength (max-

imum 1.5 T). Permeameters are used for measuring the
second quadrant of the hysteresis loop and need care-
ful sample preparation (cutting, polishing). VSMs that
use a superconducting solenoid require liquid helium
for cooling and are generally expensive; additionally
standard magnetometers are currently only available for
relatively small samples (mm sizes). Additionally su-
perconducting solenoids allow only limited field-sweep
rates (dH/dt rates) which are of the order of T/min.
Generally all these systems need special sample prepa-
ration and measurement times that are unacceptable for
industrial purposes. It will be shown that a PFM is
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a new instrument that is well suited for fast and reliable
measurement of the hysteresis loops of hard magnetic
materials.

10.3.1 Industrial Pulsed Field
Magnetometer

A short-pulse system (typical pulse duration 1–50 ms)
has a condenser battery as an energy source, which has
a certain size given in kJ (typical values are 10–100 kJ).
The available power determines the time constant of the
total system.

Figure 10.30 shows a block diagram of a pulsed
field magnetometer (PFM) [10.10, 31]. A pulsed field
magnetometer consists of

1. the energy source, generally a capacitor battery; the
stored energy is given by CU2/2. The maximum
charging voltage can be 1–30 kV. The capacitance
determines the costs of such a system, the maximum
sample size and the time constant. For a mag-
netometer that can measure the full loop, voltage
reversal on the battery must be allowed.

2. charging unit, which should generate a reproducible
and selectable charging voltage; it determines the
repeatability of the achieved field in the pulse mag-
net.

3. pulse magnet: for an existing energy, the pulse
magnet determines, via its inductivity, the pulse
duration. Additionally the volume (diameter, homo-
geneity) limits the dimensions of the experiment
inside of the magnet. Heating during a pulse may
be also a problem when high repetition rates are
desired.

Controller

Computer
C++ software

Data aquisition cardJ & H integrators

Capacitor bank

Coolant

Diode

Thyristor

Pulsed magnet

Pickup

Fig. 10.30 Block diagram of a typical capacitor-driven in-
dustrial PFM

4. measuring device: this consist of the pickup system
and the measuring electronics (amplifiers, integra-
tors, PCs, data storage). A careful design of the
pickup system is very important in order to achieve
a high degree of compensation and consequently
a good sensitivity.

5. electronics: this consist either of a digital mea-
suring card or of a storage oscilloscope which is
connected to a modern data-acquisition system on
a standard PC, which allows a software-supported
operation of the PFM (charging, discharging and
the measurement with an evaluation of the resulting
loop). In order to obtain a reasonable accuracy the
analog-to-digital converters (ADCs) of the storage
oscilloscope (measuring card) should have a resolu-
tion of at least 12 bit.

High-Field Magnets
The pulse magnet has to be optimized with respect to
the available power, the heating of the magnet and the
stresses. The field homogeneity over the desired length
of the experiment should be better than 1%. In systems
where the hysteresis loop is measured, the pulse magnet
has to be optimized with respect to low damping and
also for a certain measuring task (maximum field, pulse
duration, pulse shape, sample volume).

Pickup Systems
Generally the magnetization is measured using a pickup
coil system, which has to be compensated in order
to measure the magnetization M instead of the in-
duction B. For this purpose different arrangements of
pickup coils have been developed (Fig. 10.31). It was
found that a coaxial system based on Maxwell coils is
best suited to this purpose [10.32]. The main idea of
constructing a pickup system is that the space distri-
bution of the field around the sample is first developed
into a dipole (and quadruple) contribution. These con-
tributions should be compensated in order to cancel
the effect of the external field. Therefore such systems
consist of at least two coils (Fig. 10.31c). The induced
voltages can be written as

u1(t) = −μ0 N1 K1

(
R2

1π
)(

dH

dt
+ dM

dt

)
,

u2(t) = −μ0 N2 K2

(
R2

2π
)(

dH

dt

)
; (10.45)

where ui , Ni , Ki Ri (i = 1, 2) are the induction voltage,
number of windings, coupling factor, radius of the outer
(i = 1) and inner (i = 2) pickup coil, respectively.
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Dipole compensation is fulfilled when R2
1 N1 =

R2
2 N2 is valid. The coupling factor with respect to the

field H is the same for both coils, but not with respect to
the sample. It is assumed that for the outer coil the volt-
age due to the magnetization can be neglected (in reality
there exists a small induction voltage due to M which
only reduces the calibration factor). Subtracting now the
signal of the two antiparallel-wound coils causes a can-
celling of the effect of the field, which yields the dipole
compensation. Also higher multipoles can be compen-
sated, which leads to a more complex pickup system
for which more space is necessary. Therefore for pulsed
field systems usually only the dipole compensation is
used.

For some applications the pickup system should be
cooled in order to hold a stable temperature, which
is especially important for a room-temperature system
with a high repetition rate. The details of such a pickup
system as well as electronic balancing are described
in [10.33].

For an industrial system a reasonable sample size
is important; typical values are samples up to 30 mm
in diameter and 10 mm in length within a ±1% pickup
homogeneity range. For magnetic measurements exact
positioning (reproducibility better than 0.1 mm) in the
PFM is necessary.

10.3.2 Errors in a PFM

The Demagnetizing Factor
In a magnetically open circuit the correction for the de-
magnetizing factor N is a very important step to get the
true hysteresis loop as a function of the internal field
Hint. For ellipsoids and spheres the demagnetizing field
Hd is simply written

Hint = Hext − NM ,

Hd = NM . (10.46)

The demagnetizing factor N is just a number 0 < N < 1
for a sphere (N = 1/3) or an ellipsoid. In all other cases
the demagnetizing field Hd is no longer constant.

Important points such as the remanence and the
working point, but also the energy product (BH)max,
depend strongly on N . Unfortunately in industry more
complex shapes, such as cylinders, cylinders with holes
and even arc segments, are used. In this case N can be-
come a tensor according to the symmetry of the sample.
For complex shapes a finite-element package has to be
used in order to calculate the stray field.

In order to investigate the effect of N for simple
shapes in Fig. 10.32 the demagnetizing curves in the

a)

b)

c)

N N

N

N2

N1

r1
r2

r

r

N/2 N/2

Fig. 10.31a–c Scheme of
a coaxial pickup sys-
tem for measuring the
magnetization

second quadrant for an anisotropic ferrite HF 24/16 are
drawn. The two samples were from the same batch, one
was a cylinder and one a sphere. The shape of the loops
agrees very well. This means that in this special case the
use of a constant number for N even for the cylinder is
sufficient for the correction.

Figure 10.33 shows the hysteresis loop as meas-
ured on a cylindrical sample with a hole (outer diameter
19 mm, hole: 3.17 mm; h = 2 mm) of plastic-bonded
Nd-Fe-B-type material. Assuming N = 0.45 gives a re-
manence of 0.666 T, whereas assuming N = 0.55 deliv-
ers a remanence of 0.682 T. The static value measured
with an electromagnet was 0.682 T. This demonstrates
the problem of such an unknown demagnetizing factor.
It is impossible to say what the correct value is really.

Finally it should be mentioned that the problem dis-
cussed here of an unknown demagnetizing factor is not
only a problem for the PFM; this is a general problem

Cylinder
Sphere

BaFe cylinder + sphere
HF 24/16 part 9B + 10B
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0

H
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µ
0
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Fig. 10.32 Demagnetizing curve as obtained for a spherical
and a cylindrical anisotropic Ba-ferrite (HF 24/16)
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Fig. 10.33 Hysteresis loop of a cylindrical sample with
a hole of plastic-bonded Nd-Fe-B-type material

for all magnetometers using a magnetically open circuit,
such as e.g. in a VSM or also in a SQUID.

Transient-Field Errors
The application of transient fields causes errors, which
have to be considered. Two possible errors may arise in
pulsed field measurements due to the field sweep rate
dH/dt

a) Eddy current errors,
b) Magnetic viscosity effects.

Eddy Currents and Their Solution [10.34]
A time-dependent external magnetic field in a metallic
conducting sample causes, according to Maxwell equa-
tions, currents (eddy currents), which create a dynamic
magnetic moment that is antiparallel to the external
field, as is demonstrated in Fig. 10.34. The time behav-
ior is exponential: I (t) = I0eddy exp(−r/M)t, where M
is a dynamic mutual inductance and r is also a differen-
tial resistance due to the path of the eddy currents.

It can be shown [10.34] by solving the Maxwell
equations for an electrical conducting material (without
considering the permeability) that the dynamic magne-

B

m

B = B(x, t)

jeddy = σE

σ Fig. 10.34 The
principle of
eddy currents
in a metallic
sample

tization due to eddy currents can be written as

M = curl j = −σ
∂

∂t
(curlA) = σ

∂B
∂t

= μ

ρ

∂H
∂t

.

(10.47)

This means that plotting the magnetization m due to
eddy currents versus dH/dt of a conducting sample de-
livers a linear relation where the slope is proportional
to σ (specific electrical conductivity) which is equal
to 1/ρ (specific electrical resistivity), as is also found
experimentally.

The maximum eddy-current density (Jmax =
J(rsample, z = 0)) of all samples with different pulse du-
ration and their magnetic moment mFEMM, mFEMM can
also be calculated using a finite element package such
as FEMM by Meeker [10.35] (2-D finite-element soft-
ware). For samples that are not large and frequencies
that are not high a linear relation between the eddy-
current density and the radius r holds, which gives
a rather simple solutions for calculating the dynamic
eddy-current magnetization, as follows.

The magnetization for a cylinder is

M = jmaxrs

4
. (10.48)

Hence, the magnetization is independent of the height
of the cylinder.

A similar calculation delivers the magnetization for
a sphere

M = jmaxrs

5
. (10.49)

To prove the assumption that the magnetization due to
the eddy-current density increases linear with the ra-
dius but stays constant with the height of the sample,
several cylindrical and spherical samples of Cu were
studied [10.34]. It was demonstrated that the measured
maximum magnetization can be fitted with a function
f = Cr2, where r is the radius of the sample, which
gives, as theoretically expected, a quadratic dependence
as shown in Fig. 10.35.

On the experimental side, in agreement with the
formulas above, the eddy currents were found to be
independent of the height of the sample [10.36].

Conducting, Magnetic Samples –
f /2f Method [10.37, 38]

In a magnetic material the eddy currents are determined
by the electrical conductivity σ but also by the perme-

Part
C

1
0
.3



Magnetic Properties 10.3 Magnetic Characterization in a Pulsed Field Magnetometer (PFM) 571

ability μ, where the latter is also a nonlinear function of
the external field. In this case the eddy-current problem
cannot be solved analytically. Here, numerical meth-
ods are the only possible way. However in some cases
simplifications are possible. In order to correct the hys-
teresis loop of a hard magnetic material as measured
in a PFM for the eddy-current error a special method
was developed. The hysteresis loop of each sample is
measured with two different pulse durations, f and 2 f ,
which generate the same J signal with respect to the
applied field but with the addition of different dynamic
magnetizations due to eddy-current distributions. The
eddy currents are related to the frequency; the eddy-
current magnetization is approximately proportional to
dH/dt, as was shown already. By processing the two
measurements it is possible to remove the error due to
eddy currents, producing the direct equivalent of a static
hysteresis plot; this approach is known as the f/2 f
method [10.37, 38]. This method is based on the fol-
lowing equations

Hm = Hext − Heddy + Hd , (10.50)

where Hext is the external field applied by the pulse,
Heddy is the dynamic field caused by the eddy currents,
and Hd is the demagnetizing field.

The polarization J appearing in a pulse-field exper-
iment consists of two components, the true polarization
JDC(HDC) as measured as a function of a DC field
HDC and the apparent polarization due to eddy cur-
rents Jeddy. Now performing two experiments, one with
a short pulse (described by “s”) and one with a long
pulse (described by “l”) one gets a set of field data and
polarization data

Hext,s + Jeddy,s

μ0
= Hext,l + Jeddy,l

μ0
. (10.51)

Based on these equations a mathematical procedure was
developed which delivers the so-called f/2 f correction.
This method can be applied under the general assump-
tion of a sufficiently small eddy-current error, which
means less than 20%. The validity and the limits of the
f/2 f method were investigated and proofed by a three-
dimensional (3-D) finite-element calculation [10.39].
Therefore, this so-called f/2 f method seems to be
a good way to correct eddy-current errors in the meas-
ured hysteresis loop.

Application of the f /2f Correction to a Magnet
To test the f/2 f correction a large cylindrical commer-
cial Nd-Fe-B magnet from VAC (Vacodym 510, Charge
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Fig. 10.35 Dependence of the maximum eddy-current magnetiza-
tion on the radius

210105) was measured (Fig. 10.36). This cylinder had
a diameter of d = 20 mm, and a height of 6.9 mm.
The static data measured by VAC were: remanence
BR = 1.296 T, and coercivity I HC = 1255 kA/m.

The f/2 f -corrected coercivity value was found to
be 1275 kA/m, which is 2% too high. The measured
remanence value of 1.25 T is about 2% too low. This
is experimental proof of the validity of this f/2 f
correction.

Vacodym 510 sintered NdFeB; long (f), short (2f) and corrected
J (T)

1.5

0.5

–0.5
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–1.5
–2000 –1000 0 1000 2000

1

0
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Fig. 10.36 Room-temperature hysteresis loop as obtained
on a large (20 mm diameter) sintered Vacodym 510 mag-
net. One loop was measured with a long pulse (time
duration of 57 ms) and one with a short pulse (time dura-
tion of 40 ms) (outer loop). The inner lying loop represents
the corrected hysteresis
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Magnetic Viscosity
The magnetic viscosity can influence the shape of
a in a PFM-measured hysteresis loop. This leads
especially to higher coercivity values measured in
a transient field. The general questions are: how large
is this error, when is this error not negligible, what
is the origin of this error, and can this error be
corrected?

The effect of magnetic viscosity has been well
known for many years and has been investigated for
many hard magnetic materials [10.40, 41]. It has also
been shown that the magnetic viscosity coefficient Sv
can be used to determine the activation volume, an
important parameter for the understanding of the coer-
civity mechanism [10.42]. The viscosity coefficient is
usually determined by static field measurement. One
measures the loop M(H) and stops in the second
quadrant with this measurement at a certain field H .
There under the condition H = const. the time depen-
dence of M is measured, from which the magnetic
relaxation coefficient S = dM/d ln t can be determined.
For calculating Sv one needs also the irreversible sus-
ceptibility χirr. One has to consider that the typical
field sweep rate in pulsed field experiments dH/dt
is approximately 1000 T/s, which is 106 orders of
magnitude larger than the field sweep rate dH/dt
that can usually be achieved in VSMs using an elec-
tromagnet or a superconducting coil. Generally, the
viscosity coefficient (Sv) determined from static field
measurements (denoted by SvJ) is much smaller than
that obtained from PFM measurements (denoted as
Svp). However, it may be of great importance that the
time windows in these two experiments are completely
different.

Experimental Method to Determine Viscosity
In order to obtain the coercive field of the specimen un-
der fields with different sweep rates, hysteresis loops
of the samples are recorded at a fixed temperature by
using a pulse field magnetometer (PFM) applying a suf-
ficiently high maximum field. The sweep rate dH/dt
can be changed either by varying the capacitance of
the condenser battery or by changing the amplitude of
the field or both; with this method field sweep ranges
from about 0.5 up to 20 GA m−1s−1 and even higher are
possible. The dependence of the coercivity on the field
sweep rate dH/dt can be used to estimate the viscosity
Sv (10.52)

Sνp = HC1 − HC2

ln
[
(dH1/dt) / (dH2/dt)

] . (10.52)

This method and its limitation were recently demon-
strated on the model material SmCo5−xCux and related
compounds [10.43].

The Magnetic Viscosity
in SmCo5−xCux Alloys [10.43]

SmCo5 is nowadays a standard permanent-magnet ma-
terial. However, substituting Co by Cu causes a change
of the coercivity mechanism from nucleation to pin-
ning. Additionally it was found that in Sm(Co, Cu)5
a large magnetic-viscosity effect appears. Therefore this
is also a model material in order to investigate viscos-
ity effects in a PFM. In Fig. 10.37 the coercive field
as a function of dH/dt, as measured in as-cast and
annealed SmCo5−xCux magnets, is presented. The co-
ercivity increases with dH/dt, providing evidence for
the existence of a strong magnetic aftereffect.

Conclusion
a) Eddy-current errors. The application of a transient
field causes eddy currents in metallic samples which
lead to a dynamic magnetization Meddy that is propor-
tional to dH/dt [10.34]; the proportionality factor is
the specific electrical conductivity. Additionally, Meddy
scales with R2 (R is the radius of a rotational sym-
metrical sample), which means that the error increases
quadratically with increasing sample diameter [10.34].
Fortunately most of the metallic permanent magnets are
sintered materials where the specific resistivity (typi-
cally 2 × 10−4 Ω m) is generally a factor 50–100 higher
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Cu1.5 annealed
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Fig. 10.37 Coercive field as a function of the sweep rate
dH/dt measured in as-cast and annealed SmCo5−xCux al-
loys
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that of Cu. Therefore the error in magnetization meas-
urements due to eddy currents is rather small. These
considerations have led to the development of eddy-
current correction for hysteresis loops measured in
pulsed fields, which is called the f/2 f method. In this
case one measures the loop with two different pulse
durations and calculates the corrected loop point by
point, applying an extrapolation procedure [10.37, 38].
It was shown by finite-element calculations that for
eddy-current errors that were not too large (less than
20%) the corrected loop agrees with the true loop within
2%. This means that the effect of eddy currents is under-
stood and can be corrected in most cases [10.39].
b) Magnetic viscosity effects. When the hysteresis loop
of hard magnetic materials is measured in transient
fields the so-called magnetic viscosity causes a differ-
ence between the measured loop and the true loop.
The magnetic viscosity is also observed in nonconduct-
ing materials (e.g., ferrites), therefore it is not due to
eddy currents. It has to be mentioned that the time
constant of the exponential decay of of eddy currents
(in metallic samples) is of the order of typical val-
ues of microseconds, whereas that of the logarithmic
decay of the viscosity lies between milliseconds and
seconds. Additionally eddy currents depend on the ge-
ometry of the sample whereas this is not the case for the
viscosity.

10.3.3 Calibration [10.1]

Field Calibration
The field is calibrated using a small pickup coil whose
effective winding area is known from an NMR cali-
bration. The induced voltage u(t) is then fitted using
(10.53), in order to determine the field calibration
factor k, the damping factor and the pulse duration (in-
cluding the effect of the damping)

H = H0 exp(−at) sin ωt ,

ui (t) = −NA
dB

dt

= −NAμ0 H0
d

dt

[
exp(−at) sin ωt

]
. (10.53)

Table 10.3 Summary of calibration results

Sample Shape μ0 Hmax (T) 〈μ0 M〉 μ0 Mliterature Error μ0 M (T)
t = 57 ms (T) (T) (%) t = 40 ms

Fe3O4 Sphere 2r = 5.5 mm 1.5 0.5787±0.001 0.569 [10] +1.6 0.5782

Ni Cylinder D = 4; h = 8 mm 1.5 0.6259±0.0008 0.610 [11] +2.6 0.6322

Fe Cylinder D = 4; h = 8 mm 4.5 2.1525±0.0051 2.138 [12] +1.4 2.1826

The damping factor a determined in this way can be
compared with the value given by a PFM circuit us-
ing a ≈ R/2L (where R is the resistivity of the pulse
magnet, and L is the inductivity of the pulse magnet).

The calibration factor k is also determined as
a function of the gain (integrator gain and the gain of
preamplifier). The calibration factor k gives a relation
between the induced voltage and the field at the search
coil. At the same time the integrated voltage (using dif-
ferent gain factors) of the H-measuring coil (which is
located at the pickup rod) on the magnetometer system
is recorded.

It was shown that the calibration factor k was also
determined as a function of the gain using an analogue
integrator [10.1]. The scattering of the k factor was be-
low ±1%. This indicates that the linearity of the gain
is better than 1%. Using such a procedure, an absolute
field calibration of better than 1% is achieved, including
the time constants (gain) of the integrator.

Magnetization Calibration
The magnetization is calibrated using well-known ma-
terials such as Fe and Ni (in which the eddy-current
error causes an uncertainty) or preferably a nonconduct-
ing sample such as Fe3O4 or a soft magnetic ferrite,
such as 3C30 (Philips). All calibration measurements
are performed at room temperature. The results of
the magnetization calibration measurements are sum-
marized in Table 10.3. To check the reproducibility
all measurements were repeated 10 times to give an
average value 〈M〉. Additionally measurements using
a shorter pulse duration (40 ms) were performed, which
were generally in good agreement with that of the long
pulse. For the metallic samples an error of 1–2% due to
the eddy currents occurs.

The mean value of the deviations Dmv = 1.6% is
higher than the true values. It should be mentioned that
no significant differences in the measured magnetiza-
tion values were obtained, when different pulse duration
were employed.

The mean value of the deviations Dmv = 1.6% has
a standard deviation of 0.95%. The standard deviations
concerning the reproducibility gave a mean value of
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0.19%. Therefore, the deviation is, in the worst case,
1.14%. This means that the magnetization value could
be calibrated with an absolute accurately of ±1.14%.

Reliability of Calibration
For testing the reliability of the calibration procedure
a calibrated sample from the Physikalisch-Technische
Bundesanstalt (PTB) in Braunschweig, Germany was
measured. This sample was an anisotropic barium-
ferrite from Magnetfabrik Schramberg with a cylin-
drical shape, with a height of 10 mm and a diameter
of 6 mm. The mass was 1.417 g. The hysteresis meas-
urement was performed by applying an external field
of 2 T and a pulse duration of 56 ms. In order to re-
duce the statistical error the measurement was repeated
7 times.

The mean value of the remanence magnetization
determined in this way is Br = (0.3644 ± 0.0002)T,
which corresponds to an error of ±0.05%. PTB gave
a remanence value of Br = (0.3625±0.0044)T. So the
difference between the PFM and the PTB value is about
0.5%, which is smaller than the given calibration error.

In order to test the effect of pulse duration, the
PTB-calibrated sample was measured under the same
conditions but with different pulse durations (56 ms and

Table 10.4 Summary of calibration measurement

Sample μ0 Mmeas S μ0 Mliterature Deviation
(T) (%) (T) (%)

Fe3O4 0.5787 0.2 0.569 +1.6
Nickel 0.6259 0.13 0.610 +2.6
Iron 2.1525 0.24 2.138 +0.7
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Fig. 10.38 Comparison of the on the PTB-magnet measured mag-
netization for a short and long pulse

40 ms) (Fig. 10.38). The difference in the remanence
magnetization is below 1%. It should be noted that also
the measured coercivity is only 2% higher, than the PTB
value, which strongly supports the reliability of our field
calibration.

Influence of Sample Geometry
on Magnetization Values

In order to investigate the effect of the sample geome-
try on the accuracy of the magnetization measurements
in the PFM, a set of industrial soft magnetic ferrites
with different shapes were used (Philips (3C30)). All
samples were from one batch. This material has a mag-
netization at room temperature of about 0.55 T, whilst
the Curie temperature was about 240 ◦C. The density is
4800 kg/m3. Since this material is an insulator, there are
no eddy-current effects. The chosen shapes are given in
Table 10.5.

The samples were measured in an external field
with an amplitude of 2 T and a pulse duration of
56 ms. All samples were measured at room tempera-
ture (21 ◦C±1 ◦C) using the same amplification factor
and the same mechanical adjustments. Small deviations
are visible in the shape of the hysteresis loops, espe-
cially where the saturation enters the high-permeability
region (Fig. 10.39). This is due to the fact that the mean

Table 10.5 Shapes and masses of the 3C30 samples

Sample (mm) Size Mass (g)

Sphere d = 9.1 m = 1.9065
Small cube 11.2 × 11 × 0.8 m = 0.5226

Medium cube 11.9 × 11.9 × 3 m = 1.9316

Big cube 21 × 14.6 × 11.9 m = 17.3848

Sphere of 3C30
Cube small of 3C30
Cube medium of 3C30
Cube big of 3C30

–1000 –500 500 1000 1500
Field (A/m)

0.6

0.4

0.2
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–0.6

µ
0
M (T)

Fig. 10.39 Hysteresis measurements on 3C30 samples
with different shapes
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Table 10.6 Magnetization at H = 2 T of 3C30 samples

Sample Magnetization (T)

Sphere 0.550

Small cube 0.558

Medium cube 0.555

Big cube 0.557

demagnetization factor causes an error, which becomes
especially significant in this part of the loop.

The results are summarized in Table 10.6: The
magnetization values of the three different cubes show
a difference of up to 0.6% (Table 10.6). The value for
the sphere exhibits the largest difference of 2% with
respect to the average value of the cubes. (This may
be a result of the grinding process in an air-pressure-
driven mill. The sample is forced to rotate rapidly in
a container of corundum.) It is possible that the sur-
face structure of the sample may have been destroyed.
If a disturbed surface layer of 40 μm is assumed, this
could account for the deviation of the magnetization
value.

Discussion of the Calibration Procedure
The field of a PFM is calibrated using a small pickup
coil, where the effective winding area is known from
NMR calibration. Using such a procedure allows an
absolute field calibration of better than 1%, including
the time constants (gain) of the integrator. The obtained
field calibration also agrees within 2% with that of the
PTB-calibrated magnet coercivity value.

In principle, nonconducting materials, such as
Fe3O4 or a soft magnetic ferrite like 3C30, are better

95
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10 15 20 25 30 35 40 45 50 55 60 65 70 75

Temperature (°C)

Magnetization (A m2/kg)

Fe3O4 (table)

3C30 Philips (measured)

Fig. 10.40 Temperature dependence of the saturation mag-
netization of 3C30 compared with that of Fe3O4

suited for this calibration. Unfortunately, the tempera-
ture dependence of the magnetization of the industrially
available ferrite 3C30 is much worse then that of Fe3O4
(Fig. 10.40).

The calibration constants using Fe3O4, Fe and Ni
agree within 1.6%. The reproducibility of the different
magnetization measurements – especially using Fe or
Ni samples – was better than 0.3%. The error due to
eddy currents in the rather long pulse duration (56 ms)
is negligible. The zero signal of the system is less than
10% of the Fe3O4 sample signal, which has the small-
est sample signal. According to these considerations,
one can conclude that the sensitivity of the PFM investi-
gated here is high enough to measure Nd-Fe-B magnet
samples as small as 0.3 g mass, which corresponds to
a cube of 3 mm×3 mm×3 mm. Such a PFM is, however,
also capable of measuring samples with diameters up to
30 mm. It has to be mentioned that the sensitivity for
a certain sample size depends mainly on the coupling
between the sample and the pickup system. Therefore
the sensitivity can be improved by adjusting the pickup
system to a certain sample dimension.

If one works very carefully, an absolute magnetiza-
tion calibration within ±1% is possible. Due to the good
linearity of the analogue measuring electronics avail-
able nowadays and the high resolution of ADC cards
(14 bit), a relative measurement – which is most im-
portant for a quality-control system – with a relative
accuracy better than 0.5% is possible.

10.3.4 Hysteresis Measurements
on Hard Magnetic Materials

Comparison Static Measurement –
Dynamic Measurement

For testing a PFM system a set of commercial
permanent-magnet samples was chosen: isotropic and
anisotropic barium ferrite, anisotropic low- and high-
coercivity Nd-Fe-B magnets. The shape of the samples
was cylindrical: diameter 4 mm, length 5 mm; a demag-
netizing factor of 0.255 was used. In order to allow
a comparison between static hysteresis and dynamic
hysteresis measurements a set of spheres (from the same
batch of samples) were produced at the Technical Uni-
versity (TU) of Vienna.

In order to test the reliability of dynamic meas-
urements pulsed field hysteresis loops where compared
with static loops. In Fig. 10.41 the hysteresis loop as
measured on an isotropic barium ferrite obtained in the
static system at the Centre National de la Recherche
Scientifique (CNRS) in Grenoble is compared with that
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Fig. 10.41 Hysteresis loop as measured on the isotropic BaFeO
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Fig. 10.42 Room-temperature hysteresis loop of a spherical Nd-
FeB 210/220 magnet measured in a static magnetometer and in the
pulsed field magnetometer

measured in the TU PFM. The use of barium ferrite has
the advantage that there are no eddy currents because
this material is an insulator. The difference is within the
line thickness.

Figure 10.42 also shows for comparison hysteresis
measurements on a Nd-Fe-B magnet as performed in
the PFM (TU Vienna) and in the static magnetometer
(CNRS Grenoble). There are differences in the slope of
the M(H) curve close to the coercivity. It is believed
that this is due to small differences in the sphericity
of the samples. This cannot be due to eddy currents

in the sample because the coercivity value is the same.
This shows that, for sample sizes below 10 mm, and for
the pulse duration here used (15.7 ms) the eddy-current
effects are negligible.

Rare-Earth-Based Magnets
For the following discussion of different types and
shapes of rare-earth-based industrial magnets the room-
temperature hysteresis loops were measured in the
industrial PFM located at TU Vienna.

Figures 10.43 and 10.44 show such a loop as ob-
tained from Vacodym 510 (a Nd-Fe-B magnet); the
agreement between the static and pulsed data is very
good. The applied field, especially in the second half
wave, is not sufficient.

10.3.5 Anisotropy Measurement

Generally the magnetocrystalline anisotropy constants
are determined from measurements on a single crystal
in a torque magnetometer or similar device. Unfor-
tunately single crystals are not available from many
materials. In this case, polycrystalline material can
sometimes be aligned in an external field and then the
magnetization M(H) is measured parallel and perpen-
dicular to the external field. Curves determined in this
way can be fitted, which also allows an estimate of the
magnetocrystalline anisotropy to be made.

Another, sometimes better, possibility is to deter-
mine the magetocrystalline anisotropy field Ha using
the so-called singular point detection (SPD) tech-
nique [10.44]. The principle of the SPD method is
shown in Fig. 10.45. Single crystals are not neces-
sary for the SPD method, and it allows the deter-
mination of the physically relevant anisotropy field
even for polycrystalline samples. This is especially
important when investigating technically relevant com-
positions, which often consist of many phases and
exhibit rather complex compositions, such as e.g.
Sm(Co, Fe, Cu, Zr)7.5 which is typical for a so-called
2/17-based technical magnet [10.45]. Additionally
many new technologies, such as rapidly quenching,
hydrogenation disproportionation desorption recombi-
nation (HDDR), nitrogen loading or even thin films,
lead to isotropic material, where single crystals are
not possible in principal. In this case the SPD tech-
nique is the only possibility to determine the anisotropy
field. Up to now this method was restricted to uniax-
ial systems. Recently it was extended to easy plane
systems [10.46], which is essentially for many 3-D-
dominated compounds.
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Fig. 10.43 Room-temperature hysteresis loop as obtained
on a cube of Vacodym 510 (an Nd-Fe-B magnet)
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Fig. 10.44 Room-temperature hysteresis loop as obtained
on a cylinder of Vacodym 510 (an Nd-Fe-B magnet)

Limitations of the SPD Method
The SPD method delivers only the anisotropy field Ha.
This is technically relevant, but it is not sufficient for
a deeper analysis based on the anisotropy constants.
At least the anisotropy energy and its temperature de-
pendence have to be known. If the real saturation
magnetization can be determined the anisotropy energy

Polycrystalline

M H

H
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H

HH = HA

c

H c

dM

d2M

dH

dH2

Hext

a)

b)

Fig. 10.45a–c The principle of the SPD measurement for
determining the anisotropy field

can be calculated from Ha. Unfortunately an accurate
determination of the saturation magnetization is not
simple in hard magnetic compounds, because insuffi-
ciently high fields are available in usual magnetometers.
For this purpose accurate magnetization measurements
up to fields which are comparable to Ha (or larger) are
necessary, and at different temperatures. When the tem-
perature dependence of the anisotropy energy and that
of the magnetization is known, various types of analy-
sis such as scaling laws can be used in order to come
to an understanding of these data. From such an analy-
sis, information about the origin of the anisotropy can
be deduced.

Studies performed in existing pulsed field systems
(in Vienna and Parma) showed that the SPD method
works well for anisotropy fields up to about 20 T. The
reason for this limitation is that the maximum external
field has to be at least 50% higher than Ha in order to
make the singularity visible. Another limitation comes
from the fact that at higher fields (above approximately
25 T) the vibrations and consequently the noise of the
high-field system increases drastically, although this is
not yet fully understood. Because the SPD method is
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based on a differentiating technique (d2 M(t)/dt2) the
noise appearing at higher fields limits the measurable
Ha values.

One of the basic problems here is that using a differ-
entiating technique greatly increases all type of noise;
and the high-frequency noise in particular increases
with ω2.

In the meantime the SPD method has been used
to investigate the anisotropy field of many hard mag-
netic materials [10.47–49]. Some materials of interest
recently where the measurement of the anisotropy field
is only possible using the SPD method are the exchange
coupled nanocrystalline hard magnetic materials.

The Anisotropy Field
of Nanocrystalline Materials

It is not an easy task to determine the anisotropy field in
these intrinsic isotropic samples. In addition, the strong
magnetic exchange interaction among nanocrystallites
makes measurements even more difficult. In this re-
spect, singular point detection (SPD) provides a unique
method for the direct determination of the anisotropy
field of isotropic samples. In Fig. 10.46 the temper-
ature dependencies of the anisotropy field measured
for mechanically alloyed, nanocrystalline Pr9Fe85B6,
Pr11.76Fe82.36B5.88 and Pr18Fe76B6 is shown [10.50].
Here the sample Pr9Fe85B6 represents a nanocompos-
ite with Pr2Fe14B and α-Fe; the Pr11.76Fe82.36B5.88
should be single phase containing only Pr2Fe14B grains
whereas the Pr18Fe76B6 should contain Pr2Fe14B grains
that are decoupled by an excess of Pr.

It is worth noting that the anisotropy field meas-
ured by using the SPD technique corresponds only
to that of the hard magnetic phase. In the case of
Pr9Fe85B6 which consists of Pr2Fe14B and α-Fe, that
is the Pr2Fe14B phase. The reduction of the anisotropy
field in the nanocrystalline Pr12Fe14B grains is a strong
indication of the presence of magnetic exchange inter-
actions. In the case of microcrystalline sintered Pr-Fe-B
magnets the magnetic exchange interaction among the
microsized grains is insignificant to influence the easy
magnetization direction (EMD) of the grains. Thus
the anisotropy field measured in the microcrystalline
magnets corresponds to the anisotropy field of iso-
lated Pr2Fe14B grains. However, when the average grain
size is reduced to nanometer size (DV < 50 nm), the
exchange interaction among the hard magnetic grains
may become so strong that the EMDs of the nanocrys-
tallites can be slightly tilted without the presence of
external fields. The actual direction of the final EMD
could be an energetic compromise of the surrounding

nanocrystallites. This slightly tilted EMD gives a natu-
rally reduction of the anisotropy field. This reduction
of Ha also becomes visible in the SPD peak of the
measurement of d2 M/dt2 versus H , where the peak in-
dicates the position of Ha (Fig. 10.47). From Fig. 10.46
a systematic decrease of Ha(T) with increasing cou-
pling between the grains going from excess Pr content
(18% Pr) to a stoichiometric sample (12% Pr) to a low-
Pr-content material (9% Pr) becomes clearly visible
for higher temperatures. For lower temperatures, be-
cause of the increasing anisotropy, a decoupling of the
grains occurs that causes equal values of Ha for all three
samples.
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Fig. 10.46 The temperature dependence of the anisotropy
field for hot-pressed mechanically alloyed Pr-Fe-B
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Fig. 10.47 The SPD peak measured at 300 K for mechan-
ical alloyed hot-pressed Pr-Fe-B samples with nanosized
grains
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10.3.6 Summary: Advantages
and Disadvantages of PFM

A PFM generally allows fast magnetization meas-
urements in sufficiently high magnetic fields. Repro-
ducible, nondestructive fields up to 40 T are nowadays
the state of the art. Using a capacitor bank as an energy
store allows the generation of a pulsed magnetic field
in a volume that is best suited to solve a technical task.
Therefore for many applications a PFM is much better
suited than a standard static magnetometer, which is less
flexible.

Comparison with static hysteresis loops demon-
strated that, if both systems are calibrated careful,
PFM measurements of hard magnetic materials are re-
liable and achieve a similar accuracy to that of a static
system.

In terms of the demagnetizing field, correction
for industrial shapes is not simple. For shapes like
cylinders or cubes that are not too complex the
use of a single factor is sufficient, but for other
shapes this problem is still open. This is not only
a problem for PFM, but occurs in all magnetic open
circuits.

A general understanding of eddy currents now ex-
ists. The f/2 f method is a good fast method to correct
for eddy-current errors in PFM measurements.

In principle magnetic viscosity causes an error in
all hard magnetic materials. However, it seems that
pinning-type materials exhibit a larger magnetic vis-
cosity. The magnetic viscosity generally increases with
the magnetocrystalline anisotropy. Therefore for room-
temperature measurements on nucleation-type materials
(ferrites, Nd-Fe-B, SmCo5-based) this effect seems to
be sufficient small.

To summarize, PFMs can be constructed that show
better results then many static hysteresisgraphs how-
ever with the advantage that in a PFM higher fields
are available, a faster measurement is possible and no
special sample preparation is generally necessary. For
ferrites and Nd-Fe-B-based magnets, fields up to 5 T are
necessary, whereas for materials such as SmCo5-based
magnets, fields of approximately 10 T are necessary.

Beside the possibility of measuring a magnetization
(hysteresis loop) a PFM can also be used to deter-
mine the anisotropy field using the SPD method, as was
shown. This method is unique because it works even for
polycrystalline materials.

10.4 Properties of Magnetic Thin Films

Magnetic thin films are receiving growing interest both
from a fundamental scientific point of view and be-
cause of a variety of novel applications, in particular for
magnetic-field sensors and information storage. Some
of their specific properties relating to new technolo-
gies have already been mentioned in Sect. 10.1.5. In
the present section the most important magnetic proper-
ties of magnetic thin films are discussed together with
the most suitable methods of measuring the related
quantities.

10.4.1 Saturation Magnetization,
Spontaneous Magnetization

Phenomena
The saturation magnetization of a material Msat, de-
fined as the magnetic moment per volume, is of great
technical interest because it determines the maximum
magnetic flux that can be produced for a given cross sec-
tion. However, Msat as the magnetization at technical
saturation is not a well-defined quantity because a large
enough external magnetic field must be applied to pro-

duce a uniform magnetization by eliminating magnetic
domains and aligning the magnetization along the field
against magnetic anisotropies; however, at the same
time the magnetization at any finite temperature T > 0
will continue to increase with increasing applied field
(high-field susceptibility). The only well-defined quan-
tity, hence, is the spontaneous magnetization MS i. e.
the uniform magnetization inside a magnetic domain in
zero external field.

In practice, MS is determined by measuring the
magnetization as a function of the external field, M(H)
(which means the magnetization component parallel to
the applied field) up to technical saturation, with a lin-
ear extrapolation of the data within the saturated region
back to H = 0. A linear fit is a good approximation for
temperatures well below the Curie temperature of the
ferromagnetic material.

The method proposed above works best by applying
the external field along an easy axis of magnetization
and is especially well suited for thin films because of
the absence of a demagnetizing field for in-plane mag-
netization; usually a relatively small field is sufficient
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for saturation and the extrapolation to H = 0 is not
required. Of course, higher fields are required for mag-
netically hard materials. In films having a dominating
intrinsic anisotropy with a perpendicular easy axis the
measurement should be done along the film normal.

When comparing the magnetization of a thin film to
the value of the corresponding bulk material two differ-
ent effects can be important.

1. The magnetization or the magnetic moment per
atom in the ground state, i. e. at absolute zero tem-
perature, might be enhanced. Depending on the
specific combination of ferromagnetic material and
substrate the enhancement may reach 30% for a sin-
gle atomic layer (e.g. Fe on Ag or Au), but will dis-
appear 3–4 atomic layers away from the interface.
Depending on the band structure of the materials
the magnetic moments at the interface may also be
reduced in some cases (e.g. for Ni on Cu);

2. Thermal excitations which result in a decrease of MS
with increasing temperature are more pronounced in
thin films compared to bulk material. In a film of 10
atomic layers of Fe on Au, MS at room temperature
is reduced by about 10% compared to bulk Fe. The
origin of this effect is the reduced (magnetic) coor-
dination at surfaces and interfaces, which leads to
an enhanced excitation of spin waves; for the same
reason the Curie temperature is reduced in ultrathin
films compared to the bulk material.

Measurement Techniques and Instruments
A variety of methods are used to measure the mag-
netic properties of thin films. In many cases, especially
for relatively thick films, the techniques used for bulk
material can be applied as well (see the overview in
Sect. 10.1.6). Here, the emphasis is put on the high sen-
sitivity required for films thinner than about 100 nm and
for ultrathin films with thicknesses down to 1 nm or less.

Magnetic moments m in terms of absolute values are
determined with a suitable magnetometer from the field
dependence of the moment, the so-called magnetization
loop m(H). The magnetization M(H), i. e. magnetic
moment per volume, is found by dividing the moment
by the magnetic volume. For ultrathin films the main
uncertainty on M often comes from the determination
of the volume rather than from the magnetic moment
itself.

Vibrating-Sample Magnetometer (VSM)
The vibrating-sample magnetometer (VSM) is probably
the most widely used standard instrument. The princi-

ple of operation is described in Sect. 10.2 (Fig. 10.7).
When the specimen oscillates between a set of pickup
coils with a frequency of several 10 Hz to a few
100 Hz, the amplitude of the AC voltage induced in
the pickup coils is proportional to the magnetic mo-
ment of the specimen and the vibration amplitude of
the sample. The factor of proportionality depends on
the entire geometry including the shape and size of
the sample. This must be taken into account when an
absolute calibration is carried out. The principle of
measurement can be combined with an iron core elec-
tromagnet, or with air coils for low-field operation, or
with a superconducting magnet for high-field applica-
tions. The VSM allows relatively fast measurements
(1–10 min for a complete M(H) loop, depending on
the type of magnet and the required sensitivity), is
flexible and easy to use. In particular, measurements
at various angles can be made with the great pre-
cision required for the determination of magnetic
anisotropies. The sensitivity attainable depends largely
on the geometry and position of the pickup coils.
Standard versions are useful for magnetic moments
corresponding to Fe or NiFe films more than 5 nm
thick (assuming a lateral size of 1–2 cm). Thinner films
of 1 nm or less can be measured with an optimized
VSM. The sensitivity is generally reduced for variable-
temperature measurements when a cryostat or oven
must be mounted.

The SQUID Magnetometer
The SQUID magnetometer is based on the same prin-
ciple as the VSM but with a superconducting pickup
coil circuit and a superconducting quantum interference
device (SQUID) as the flux detector. The structure of
a commercial SQUID magnetometer is schematically
shown in Fig. 10.48 [10.51].

The sample executes a periodic linear motion
with a vibration frequency of 0.1–5 Hz. This causes
a change of magnetic flux in the pickup coils, which
are part of the totally superconducting circuit outlined
in Fig. 10.49.

The SQUID itself is operated in a constant-flux
mode and serves as an extremely sensitive zero-detector
in the feedback loop outlined in Fig. 10.49. The output
signal of the magnetometer is proportional to the cur-
rent in the feedback coil required to compensate the flux
change sensed by the pickup coils.

The detection limit of the SQUID magnetometer
for magnetic moments is about 1000 times lower than
that of the VSM, i. e. about 10−9 Gcm3 or 10−18 V s m.
It is usually combined with a superconducting magnet
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Fig. 10.48 Schematic view of a commercial SQUID magnetometer consisting of a liquid-He cryostat, a superconducting
magnet, the variable-temperature sample chamber with thermometers and the detection coils close to the sample position.
After [10.51]

External
feedback

Second-
derivative
detector
array

Isolation
transformer

Heater

Model 1822

Signal
coil

RF
bias

SQUID

Model 2000
SQUID
amplifier

Fig. 10.49 Schematic
diagram of the circuit
of a commercial SQUID
magnetometer (Quantum
Design Inc.). All the coils
are superconducting. The
SQUID amplifier trans-
forms any flux change
sensed by the detec-
tor coils into a current,
which is fed to the feed-
back coils such that this
flux change is exactly
compensated. This com-
pensating current at the
same time constitutes the
output signal of the mag-
netometer. After [10.51]

Part
C

1
0
.4



582 Part C Materials Properties Measurement

and a variable-temperature He cryostat, which allows
for measurements in high fields (3–7 T for commer-
cial instruments) and at low temperatures. The biggest
challenge is to make use of the high sensitivity of the
SQUID in the presence of unavoidable fluctuations of
the field from the external magnet. The most efficient
solution is to use carefully balanced pickup coils in
the form of a gradiometer of first or second order (e.g.
a second-order gradiometer is shown in Fig. 10.49).

Typical measuring times for a complete magneti-
zation loop may range from 30 min up to a full day
depending on the field range and number of data points.
For precision measurements a careful calibration that
takes into account the specific sample geometry is nec-
essary. For most purposes the SQUID magnetometer is
the most suitable and versatile instrument for measur-
ing extremely thin films in a wide range of temperatures
(typically 2–400 K) and applied magnetic fields (up to
7–9 T).

The Alternating (Field) Gradient Magnetometer
The alternating (field) gradient magnetometer (AGM or
AFGM) is a modification of the well-known Faraday
balance that determines the magnetic moment of a sam-
ple by measuring the force exerted on a magnetic dipole
by a magnetic field gradient. The principle of the in-
strument [10.52] is sketched in Fig. 10.50. The force
is measured by mounting the sample on a piezoelec-
tric bimorph, which creates a voltage proportional to
the elastic deformation and, hence, to the force act-
ing on the sample. By driving an alternating current
through the gradient coils, with lock-in detection of
the piezo voltage and by tuning the frequency of the
field gradient to the mechanical resonance of the sam-
ple mounted on the piezoelectric element by a glass
capillary a very high sensitivity can be achieved that
approaches that of a SQUID magnetometer under fa-
vorable conditions. The main advantage of the AGM
is its relative immunity to external magnetic noise and
the resulting high signal-to-noise ratio and short mea-
suring time. A major disadvantage is the difficulty in
obtaining an absolute calibration of the magnetic mo-
ment because the signal is not only proportional to the
sample magnetic moment but also to the Q-factor of
the sample-capillary-piezo system, which varies with
sample mass and temperature. This problem can be
overcome by inserting a small calibration coil close
to the sample position. Also, difficulty in obtaining an
exact angular orientation of the sample relative to the
external magnetic field is a drawback of this instrument.
An AGM is relatively easy to build, but is also commer-

Piezo
voltage

Piezo-electric
bimorph

Sample

Elastic
suspension

Glass
capillary

Pole
piece

Gradient field coils

z y

x

Fig. 10.50 Principle of the alternating (field) gradient mag-
netometer (AGM/AFGM); the gradient field coils are fed
with an alternating current with a frequency tuned to the
mechanical resonance of the sample-capillary-piezo sys-
tem. The sample and gradient coils are mounted between
the pole pieces of an electromagnet

cially available. It can be equipped with a cryostat or
oven for variable-temperature measurements.

Torque Magnetometers
Torque magnetometers in the form of a torsion pen-
dulum (Sect. 10.2.2) have been successfully used for
ultrathin films due to the high sensitivity attain-
able [10.53]. However, they measure the effective
magnetic anisotropy of the sample; therefore, the differ-
ent contributions to the anisotropy of the given sample
must be known in order to determine the magnetic mo-
ment. This is further discussed in the next section.

Magnetooptic Techniques
When only the shape of the magnetization loop, or
the relative variation of the magnetization with tem-
perature, orientation of the external field or another
external parameter is of interest, magneto-optic effects
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(magneto-optic Faraday effect or Kerr effect, MOKE)
are very useful. Because of the limited penetration depth
of light magneto-optic techniques only probe the first
10–50 nm below the surface of a metallic sample and
are therefore well suited for the fast characterization of
magnetic thin films. For these, MOKE is a particularly
powerful technique [10.54].

A typical arrangement is sketched in Fig. 10.51.
Upon reflection from a magnetic surface a beam of

linearly polarized light in general will change its state of
polarization depending on the relative orientation of the
magnetization of the sample and the polarization axis.
Both the ellipticity εK and Kerr rotation angle of the
polarization δK occurring due to reflection can be used
to measure a certain magnetization component defined
by the specific arrangement. Basically, there are three
different arrangements: i) the polar Kerr effect is meas-
ured with (nearly) perpendicular incidence of the light
beam; the magnetizing field is applied perpendicular to
the film plane and δK is proportional to the perpendicu-
lar component of the magnetization; ii) the longitudinal
Kerr effect is observed with the light beam at oblique
incidence and the in-plane magnetization component
parallel to the plane of incidence is measured; iii) the
transverse Kerr effect, which is observed in the same ge-
ometry as the longitudinal MOKE, produces a change of
the intensity of the reflected beam and is proportional to
the magnetization component perpendicular to the plane
of incidence.

Gas lasers like He-Ne or laser diodes are equally
used for MOKE measurements provided that the
intensity and polarization are sufficiently stable. Var-
ious modulation techniques in combination with syn-
chronous detection have been used to enhance the
signal-to-noise ratio. A careful arrangement allows for
very high sensitivity that is sufficient to measure the
magnetization loops of films of less than a single atomic
layer [10.55].

A major advantage of the MOKE technique is the
possibility to focus the laser spot at the sample surface
to less than 1 μm and thus measure magnetic proper-
ties with high lateral resolution. This is especially useful
when the thickness dependence of properties is inves-
tigated by producing wedged samples with a lateral
thickness variation. Another characteristic feature is the
limited penetration depth of visible light of a few 10 nm
in typical metal films; this allows measurements with
a certain depth resolution, which is especially inter-
esting for investigating multilayer structures. This can
be further enhanced by choosing an appropriate wave-
length for the light source according to the materials

Photo diodes
Wollaston prism

Compensator

Field coil

Laser

Polarizer

Field coil

Bias field coils

Fig. 10.51 Outline of a set up for magneto-optic Kerr-effect
(MOKE) measurements (see text)

of interest, because the Kerr angle δK and Kerr ellip-
ticity εK vary with the material and wavelength of the
light.

MOKE, on the other hand, does not allow for
a quantitative measurement of the absolute value of the
magnetization. However, it is one of the most useful
tools to investigate magnetic anisotropies, temperature
dependence of magnetization and fast magnetization
dynamics in magnetic films.

Magneto-optic effects in the (soft) x-ray energy
range, in particular x-ray circular magnetic dichroism
(XMCD), offer a unique potential: by tuning the pho-
ton energy to a core-level absorption edge it is possible
to measure magnetic moments in an element-specific
way. Furthermore, orbital and spin magnetic moments
of electrons can be separately determined via so-called
sum rules. This technique requires a synchrotron radia-
tion source with circular polarization.

10.4.2 Magneto-Resistive Effects

Magneto-resistance means that the electric resistance of
a material changes upon the application of a magnetic
field. All conductive materials show magneto-resistive
effects. However, here the discussion is restricted to
magneto-resistance of ferromagnetic materials based on
several different mechanisms.

Anisotropic Magneto-Resistance (AMR)
The dependence of the electric resistance on the an-
gle θ between the magnetization and the current in
a ferromagnetic material is called anisotropic magneto-
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resistance (AMR) and can be described by

R(θ)− R0 = acos2θ . (10.54)

The relative resistance change amounts to a fraction
of a percent in most materials, up to 3% in permalloy
films. The AMR effect has proved to be very useful for
magnetic sensors.

Giant Magneto-Resistance (GMR)
The giant magneto-resistance effect is observed in lay-
ered magnetic film systems consisting of at least two
ferromagnetic layers separated by a nonmagnetic metal-
lic interlayer. When the magnetization in neighboring
magnetic layers is switched from an antiparallel to
a parallel configuration the electric resistance changes
by an amount ranging from a few percent for two fer-
romagnetic layers to about 200% in special multilayer
stacks. The GMR effect results from the spin-dependent
scattering of electrons inside the layers and at the inter-
faces. For most materials the overall scattering rate is
stronger for the antiparallel configuration, making it the
high resistance state. In principle, the GMR can be ob-
served both with the current flowing in the film plane
(current-in-plane (CIP) configuration) or perpendicular
(current-perpendicular-to-plane (CPP) configuration).
However, measurement of the CPP-GMR due to the
small junction resistance requires either the use of
superconducting leads or restricted lateral junction di-
mensions of 100 nm or less.

An obvious application of GMR junctions is for
magnetic-field sensors. The most suitable configuration
is the so-called spin valve, which consists of a free
magnetic layer that is easily magnetized along a small
external field, a nonmagnetic metallic interlayer (Cu in
most cases) and a hard magnetic layer with its magneti-
zation pinned to a fixed direction by exchange coupling
to an antiferromagnetic layer. The resistance R of such
a device varies with the angle θ of the free layer magne-
tization as

R(θ)− Rmin = c cos θ . (10.55)

Compared to the characteristics of an AMR element it
is obvious that GMR is more useful as an angle sensor,
and this is indeed an attractive application of this effect.
The most successful application, however, is still in read

heads for hard-disc drives, where it has contributed to
the steady increase in areal storage density.

Tunnel Magneto-Resistance
The tunnel magneto-resistance (TMR) is observed in
ferromagnetic double-layer structures with an interme-
diate insulating layer. If the insulator is very thin, i. e.
typically 1–2 nm, and a small voltage is applied be-
tween the two magnetic metallic contacts then a current
will flow by a quantum-mechanical tunneling process.
Similarly to the GMR effect the current depends on
the relative orientation of the magnetization in both
layers, with a large current flowing in the parallel con-
figuration. The magnetization in one of the layers is
frequently pinned by exchange coupling to an anti-
ferromagnet (exchange bias) as in a spin-valve. As
a consequence, the tunnel resistance varies with the an-
gle of the magnetization of the free layer in the same
way as for GMR as discussed above. Over the years
the TMR ratio at room temperature in state-of-the-art
magnetic tunnel junctions of FeCo layers and Al-oxide
tunnel barriers has been increased to about 50% in mod-
erate external fields, which makes them a very attractive
field sensor. It should be noted, however, that the TMR
ratio decreases strongly with increasing bias voltage and
tunneling current. This has to be taken into account
when different magnetic tunnel junctions (MTJs) are
compared.

The most spectacular application of MTJs – besides
hard disk read heads – is in all-solid-state fast magnetic
random-access memories (MRAMs), which are now in
an early state of production. A very promising recent
achievement is a room-temperature TMR ratio of 500%
and more obtained in junctions with a MgO tunnel bar-
rier. This opens the way to an even brighter future for
devices based on the TMR effect.

Colossal Magneto-Resistance
Extremely large magneto-resistance effects of more
than 10 000% have been observed in certain com-
pounds, especially in manganites with a perovskite
structure. This effect is related to a metal–insulator
transition which can be driven by a magnetic field.
However, the largest effects are only observed at low
temperatures and in very high fields, making these ma-
terials of limited technical value.
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