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Abstract

For several decades, magnetic sensors have been exploiting the nonlinear relation between the mag-
netic field strength and the magnetic flux density. Whereas strong saturation effects were most relevant
in the past, today energy consumption of modern sensors plays an increasingly important role. Recent
semihard magnetic materials concern this issue by retaining a significant magnetic flux density even
when all excitation currents are turned off. Nevertheless, in contrast to classical hard magnets, it is
relatively easy to commutate them. With sensor development cycles becoming shorter, there is an in-
creasing demand for accurate numerical models concerning hysteresis. In this contribution, we present
a new combination of scalar and vector material characterization techniques to compute the remanent
magnetic field of a magnetized sample by static finite element (FE) simulations. Vacuumschmelze offers
a suitable semihard magnetic material with a coecivity field around 2kA/m that is available as thin stripes.
In a first step, the Sensorvac material will be characterized to obtain meaningful material properties
required for simulations. With material parameters having been identified, the remanent magnetic field
of the magnetized sample will be computed. As it is revealed, simulation results coincide very well with
laboratory measurements. In future, the model can be applied to design complex sensors.
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Introduction

According to Coey [7], magnetic materials under-
went an immense development during the 20th
century. Today, with realizable coercivity field
strengths from 10! to 107 A/m, there are many
materials for all kinds of applications. Even the
shape of hysteresis is almost variable by choose
of a proper material. These materials span a
wide field of applications ranging from data stor-
age over telecommunications to consumer elec-
tronics and sensors. With a market of about 30
b$ per year [7] and their high flexibility, it is worth
to model these nonlinear materials to study their
applicability in modern sensors.

One of the first sensors exploiting the nonlinear
saturation between the magnetic field strength
and the flux density was the fluxgate magnetom-
eter invented by Friedrich Fdrster in 1937 [8].
The saturation effect allows to measure mag-
netic fields very precisely. In contrast to the sim-
ple saturation within the fluxgate magnetometer,
modern sensors even use the hysteresis itself. In
department stores, magnetic stripes are at-
tached to products to secure them against theft
[2]. When a customer leaves the store through a
gate, which provides an alternating magnetic
field, higher harmonics will be induced in the re-
sponse signal due to saturation effects within the
magnetic stripes. These harmonics will vanish if
the label is deactivated by magnetization at the
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point of sale as the stripe retains a certain flux
density. Nowadays, these materials can also
concern energy saving issues, wherever an elec-
tromagnet should maintain an alternating d.c.
field for a long period.

The aim of this work is to develop a static FE
model for the computation of the hysteretic in-
volved remanent field of a magnetized sample
(Fig. 1) when there are no more excitation cur-
rents. Nevertheless, the same approach would
also hold for more simple nonlinear saturation ef-
fects.

Fig. 1. Stacked semihard Sensorvac sample on the
left, hall probe on the right.

At first, we will study the analytical basics for a
magnetic dipole. Secondly, we will explain the
measurement setups used for the characteriza-
tion of magnetic materials. This will be followed
by the derivation of a FE model for the simulation
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of the demagnetization process within the sam-
ple. Finally, simulation results will be validated by
laboratory measurements.

Theory

Figure 2 sketches a magnetic dipole, whose
remanent field after magnetization will be com-
puted.
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Fig. 2. Geometric model of a magnetic sample.

This can be interpreted as a special case of an
open magnetic circuit. With Ampére’s law

Hmaglmag + Hairlair =0 (1)
and magnetic flux conservation
BoirAgir = KBmagAmag' (2)

a condition for the flux density within the material
Bag can be derived with respect to the geomet-
ric properties (cross-section A, length [) and the
field strength H,,,

_& Aair lmag (3)

Bmag = mag-

K Amag lair
The index mag denotes the magnetic material,
the index air the surrounding air, k < 1 is the
stray field factor and p, is the permeability of vac-
uum, respectively. Together with the hysteretic
behavior of the material

Bmag = Dmag (Hmag)’ (4)

a nonlinear equation system is formed, whose
solution determines the flux density as well as
the field strength within the material. This can
also be interpreted geometrically (Fig. 3) as the
intersection of the geometric-depended linear
function Eq. (3) with the material-depended hys-
teretis loop Eq. (4).
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Fig. 3. Geometric determination of the operating
point as the intersection of a geometric-depended lin-
ear function with the material-depended hysteresis.
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Epstein Frame

To solve for the magnetic field, the material be-
havior should be characterized first. With the Ep-
stein frame [1], a standardized measurement de-
vice of high repeatability and reliability is availa-
ble.
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Fig. 4. Epstein frame for material characterization.
Sample material stacked inside the coils.

As shown in Fig. 4, the Epstein frame consists of
a set of four coils. Together, the outer and inner
windings form a transformer. With the outer
windings being connected in series, the mag-
netic field strength H,,,, is known from the exci-
tation current I, the number of windings N, and
the effective path length [,

NI,
Hmag = ]
m

®)

Due to the smooth field in the corners, the effec-
tive path length is often set to 0.94m [3] but can
also be calibrated by a material with known co-
ercivity field. Finally, the induced voltage in the
inner windings U, can be used to obtain the flux
density within the sample

1 6
Bmag = _mf U,dt, ©)

where A is the cross-section of the coils and the
inner windings have been connected in series.
Of course, the flux density can also be calibrated
by a material with known remanence. The
stacked sample material inside the coils influ-
ences the coupling of the coils in a specific way
(Fig. 5).

Although the Epstein frame is often used, it suf-
fers from some disadvantages. First, numerical
integration is difficult because of unknown initial
states. This requires a vertical centering of the
measured hysteresis loop and that is why the
Epstein frame is only suitable for materials with
symmetric loops. Moreover, the air flux between
the stacked samples must be compensated by
hardware or software. Furthermore, as the Ep-
stein frame integrates the field strength along its
length it can only be used for the characterization
of isotropic materials.
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Fig. 5. Hysteresis loop measured by the Epstein
frame

Vibrating Sample Magnetometer (VSM)

Whereas the Epstein frame only characterizes
the average flux density within a sample, the vi-
brating sample magnetometer VSM also allows
a vector characterization of anisotropic materials

9.

A rod placed between two electromagnets,
which are used to generate a static magnetic
field, holds the sample (Fig. 6). Now, the rod is
excited to vibrate mechanically at a specific am-
plitude and frequency.

electromagnet I
hall sensor

pickup

coils

Fig. 6. Vibrating sample magnetometer for material
characterization.

If the sample is considered as a vibrating dipole,
a voltage u(t) is induced in the pickup coils

u(t) =maG(z)zywcoswt, (7)

where m is the magnetic moment, G(z) is a geo-
metric factor, w and z, are the frequency and the
amplitude of the shaker, respectively. Equation
(7) assumes a sinusoidal excitation. Owing to the
small sample size, a lock-in amplifier is used to
amplify the induced voltage. The amplifier's out-
put, the root mean square value U,,,; = Km of
the induced voltage, is then proportional to m.
The calibration factor K can be determined by a
sample with a known magnetic moment. For a
uniformly magnetized sample, we finally obtain
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the magnetic flux density within a sample of vol-
ume V

U
Binag = Ho (Hmag + 12_717/15) (8)
The field strength H,,,, is measured by a small
hall sensor placed between the pickup coils.
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Fig. 7. Hysteresis loops measured by the vibrating
sample magnetometer for different directions. Pre-
dominant direction solid.

Figure 7 shows the highly anisotropic behavior of
the Sensorvac material. There is mainly hystere-
sis only in one predominant direction (y-axis).
This direction is identical to the mechanical di-
rection of rolling of the Sensorvac stripes.

As the sample is magnetized in an open mag-
netic circuit, demagnetization fields can no more
be neglected. Since the sample is magnetized by
an applied external field, the internal field coun-
teracts the induced magnetization. It can be
shown mathematically that the demagnetization
field can only be neglected for disk-shaped sam-
ples with a diameter much larger than its thick-
ness [4]. This limits the VSM to the characteriza-
tion of materials being available as small disks or
applications having the same small geometric di-
mensions as the sample used for the VSM.

If the hysteresis curve measured by the Epstein
frame (Fig. 5) is compared with those recorded
by the VSM (Fig. 7), one can clearly see demag-
netization effects if it is considered that both
have been measured for the same Sensorvac
material. Otherwise, the hysteresis curve in pre-
dominant direction (Fig. 7), measured with the
VSM, would have matched the Epstein measure-
ment. Demagnetization effects owing to the rec-
tangular shape of the Sensorvac stripes are too
strong. If the sample would be shorter, demag-
netization effects even would increase. Since the
magnet, which should be simulated, is signifi-
cantly longer than the sample used for the VSM,
we will prefer the Epstein measurement for the
hysteretic part of the simulation. This is also tol-
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erable because the Sensorvac stripes show hys-
teresis mainly in rolling direction. The VSM
measurements were used to obtain the constant
permeability for the remaining directions (con-
stant slope of dashed line in Fig. 7).

FE Modeling

Having characterized the sample material, we
are now able to develop a FE model. For the
magnetostatic problem of the computation of the
remanent field, there are no more currents, i.e.
VX H=0. This implies that we can define a
magnetic scalar potential 1},, similar to the static
electric potential [5]

H=-vI, (9)

Combining the constitutive relation
B = uo(H + M) with the solenoidality of the
magnetic field VB =0, we obtain Poisson’s
equation for magnetostatic problems without
electric currents

Vo (VW — M) = 0 (10)

that can be solved by FE solvers to compute the
magnetic field. Since the magnetization
M = —(u, — 1)VI;, itself depends on the relative
permeability, we must provide the permeability
tensor p,. for the magnetic sample

Mo xx 0 0
pr=1| 0 By(Hy)/(MOHy) 0. (11)
0 0 1

The permeability tensor models hysteresis only
in y-direction because the VSM measurements
showed that the sample material exhibits one
predominant magnetization direction in rolling di-
rection (Fig. 7). This is done by interpolating the
already presented demagnetization curve meas-
ured with the Epstein frame (second quadrant of
Fig. 3). That approach is permissible because all
physical operating points lie in the second or
fourth quadrant of the hysteresis loop. In the
other directions, the material is supposed to be-
have linearly; that was validated with the VSM.
The permeability value in x-direction is constant
and can be derived from the constant slope of
the dashed line in Fig. 7. Being stacked, the ma-
terial exhibits the permeability of air in z-direc-
tion, as the magnetic flux is not able to couple
from one stripe to its neighbor due to thin air lay-
ers between the stacked stripes. Moreover, no
cross interactions between the individual direc-
tions are assumed. It should be noted that the
model is not limited to geometries with the pre-
dominant direction being parallel to one of the
coordinate axes. Geometries that are more com-
plex can be modeled by curvilinear coordinate
systems [6]. The deformed coordinate system
can be computed previously by a pseudo flow
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computation within the sample. This requires an
inlet and outlet to be defined in predominant di-
rection.

PML

air

sample

b

Fig. 8. FE-Model of a magnetic sample under utili-
zation of symmetries. PML and air domain included.

In order to prevent the trivial solution H = 0 A/m
the initial gradient of the magnetic scalar poten-
tial within the sample must differ from zero. To
reduce the numerical effort, all symmetries of the
sample have been exploited (Fig. 8). Moreover,
a perfectly matched layer (PML) with a high
damping of the field was used to reduce the nec-
essary size of the surrounding air.

FE Results

Figure 9 shows the computed magnetic flux den-
sity around the sample. The surface plot is loga-
rithmic scaled. Of course, this is the expected
field of a bar magnet.

Fig. 9. Magnetic flux density B of the magnetized
sample. Isolines in mT.

The computed operating point in the middle of
the magnet is depicted in Fig. 10. As it was ex-
pected, it lies on the measured demagnetization
curve. The very low operating point is not sur-
prising because the bar magnet forms an open
magnetic circuit, Eq. (3).
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Fig. 10. Demagnetization curve with computed oper-
ating point.

In Fig. 11 a comparison between the computed
and the measured flux density on the axis of the
sample is shown. Before measurement, the
sample was excited into saturation. For this rea-
son, we were able to use the previous character-
ized major loop for the simulation. Indeed, a sim-
ulation on smaller minor loops is also possible,
but it would be much harder to validate the sim-
ulation, because in contrast to the simulation we
do not know on which loop the material was ex-
cited in reality. Due to the good agreement be-
tween simulation results and measurements,
both the FE-model as well as the previous mate-
rial characterization is validated.
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Fig. 11. Comparison between simulation and meas-
urement. Flux density on the axis of the dipole for dif-
ferent distances to the sample.

Conclusion

This work shows how to model magnetic materi-
als. We presented a practicable workflow to ob-
tain a reasonable FE model. Priority was set on
the task of material characterization. Our new
approach combines the measured demagnetiza-
tion curve with the vector characterization of the
sample material. This also allows using the de-
magnetization curve directly in an intuitive way.
Whereas the Epstein frame measurements
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model the hysteretic part of the simulation in roll-
ing direction of the Sensorvac stripes, the Vibrat-
ing Sample Magnetometer characterizes the lin-
ear material behavior in the other directions. It
was demonstrated, that strong demagnetization
effects within the sample prohibit modeling the
hysteretic part by VSM measurements.

Starting from Maxwell's equations a static finite
element model was developed to simulate the
remanent field of the magnetized sample. The
computed field shows the characteristics of the
expected bar magnet. As it was presented, sim-
ulation results coincide very well with laboratory
measurements. The model is now ready for sen-
sor development of geometries that are too com-
plex and costly to construct as prototypes.
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