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Abstract—Magnetic shielding is a crucial aspect for many
electronic devices and sensors. In this paper, we investigate the
magnetic shielding properties of ferromagnetic washers in a
planar geometry in view of an integration with on-chip devices,
focussing on the transverse configuration, i.e. with the applied
field parallel to the plane of the washer. We show that, in this
configuration, the shielding factor of a washer can exceed the
predictions of previous studies. We argue that the magnetic
shielding results from the capture of the external magnetic flux
by the upper and lower faces of the washer, and its subsequent
channeling through the washer material and around the central
hole. We present experimental results and numerical simulations,
and discuss the influence of the geometry of the washer, the
permeability and the saturation of the ferromagnetic material.
We propose an explanation for the observed behaviour and
provide empirical formulae to estimate different quantities char-
acterizing the shielding properties of washers in the transverse
configuration.

Index Terms—Magnetic shielding, planar geometry, ferromag-
netic washer, ferromagnetic ring, on-chip, magnetic metamateri-
als

I. INTRODUCTION

Many magnetic sensors and sensitive electronic devices
need to operate in a well-known magnetic environment and
thus require a protection against the earth magnetic field or
stray magnetic fields produced by neighbouring circuits [[1],
[2]], [3], [4]. For high frequency sources, a metallic enclosure
with a thickness larger than the skin depth can provide the
required shielding, thanks to the induced eddy currents. For
low frequency sources (typically below 100 kHz), magnetic
shielding at room temperature can be achieved with a high
permeability ferromagnetic material that diverts magnetic flux
from the sensitive region to be protected [5]. At low temper-
atures, superconducting materials can also be used to expel
external magnetic flux away from their body and the sensitive
area, due to their strong diamagnetic response. The magnetic
flux penetration is limited by the Meissner effect for type-
I superconductors [6] and, additionally, by flux pinning for
irreversible type-II superconductors, [3l], [7].

Besides the choice of the material, the efficiency of a
magnetic shield is largely determined by its geometry. Par-
ticularly challenging geometries arise in situations where the
specific part of a system requiring magnetic shielding has little
clearance from the neighbouring elements. Other challenging
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situations are encountered in electronic circuits where a planar
geometry is common and the magnetic shield needs to be
designed with a limited footprint and volume. Such require-
ments arise in the design of magnetic memories [8]], [9], where
shielding against stray magnetic fields helps in reducing the
bit error rate, as well as in high frequency transmission lines,
where a magnetic screen may mitigate environmental fields,
reduce crosstalk, and attenuate high frequency noise [[10]]. Last,
such requirements also arise in superconducting circuits and
sensors, where stray magnetic fields need to be reduced for
the proper operation of Josephson junctions, SQUID devices,
or transition edge sensors [3[], [11].

Conventional ferromagnetic shielding configurations offer
little help for building on-chip or volume-restricted devices
in a planar geometry. The pioneering work of Mager [12]
predicts very poor shielding abilities for highly permeable
ferromagnetic flat rings, i.e. with a very small height h and a
wall width w typically much smaller than the internal radius
Rin, or h < w < Rjy. Such a ring structure provides almost
no field attenuation in the longitudinal configuration (i.e. when
an external field is applied along the ring axis of symmetry),
while attenuation of about a factor of 1.5 is predicted at its
centre in the transverse configuration (i.e. when an external
field is applied perpendicular to the ring axis). However, these
previous studies seem to have concentrated on geometries for
which the width w of the soft ferromagnetic material is much
smaller than its other dimensions. Although the motivation for
this width restriction appears to be for saving ferromagnetic
material, it turns out that in a planar geometry, the shielding
properties of flat but wide-wall rings (i.e. with w 2 Ry,), or
washers, have been overlooked.

In this paper, we show that soft ferromagnetic washers can
reach attenuation factors that exceed the predictions of previ-
ous studies when the external field is applied in the transverse
configuration. The magnetic shielding results from the capture
of the external magnetic flux by the wide area on the upper
and lower faces of the washer, and its subsequent channeling
through the washer material and around the central hole. Such
properties give the possibility to use a ferromagnetic washer
as a simple and inexpensive device for attenuating in-plane
magnetic fields in planar geometries.

The manuscript is structured as follows: we first present the
experimental setup in Section |II| and the finite element model
used in Section A comparison of the experimental results
with the numerical simulations is made in Sections [[V-A]
and [V-Al We then discuss further simulation results and
propose an explanation for the observed behaviour in Sec-
tions and Initially, the impact of the geometry



of the washer and the permeability of the ferromagnetic
material is discussed while ignoring the saturation effect.
Then the impact of saturation of the ferromagnetic material
is introduced. Empirical formulae are proposed to estimate
different quantities characterizing the shielding properties of
washers in Section [[V-C|and [V-C] Finally, the generalization to
the combination of multiple concentric washers is introduced
in Section [VIl

II. EXPERIMENTAL DETAILS
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The shielding behaviour of ferromagnetic washers has been
tested experimentally. A series of samples were submitted to
a well-defined external magnetic field, and the resulting local
magnetic field has been measured at different positions. The
results are first shown in Section [[V=A] and further discussed
in Section and Section

The samples were laser-cut from a 1 mm thick Mu-metal
sheet, according to the geometry depicted in Fig. [I] where
C marks the position of the centre, h is the height or
thickness, R;, is the inner radius, R, is the outer radius,
and w = Roy — Ri, is the washer wall width. The Mu-metal
used is a soft ferromagnetic material with negligible hysteresis.
According to the manufacturer, this Mu-metal is an alloy of
80.0% nickel, 14.9% iron and 4.2% molybdenum, it has a
low-field relative permeability p,, = 30000 and a saturation
magnetic flux density By, = 0.8 T.
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Fig. 1. Schematic description of the washer geometry with the associated
sample dimensions in millimetres.

The experimental setup is illustrated in Fig. 2| The external
magnetic field is generated by a pair of split coilﬂ fed with a
current source and able to produce a maximum magnetic field
of 3.95 mT at the centre of the setup. An Arepoc AXIS-3 Hall
probe is used to measure the magnetic flux density. This probe
consists of a long cylindrical casing with Hall sensors fitted
at one end. It contains a Hall sensor capable of measuring
the in-plane field in the configuration described in Fig. 2] with
an active area of 50 x 50 um?2. The probe is fixed on a 3-
axis translation stage, which allows the measurement of the
magnetic flux density to be made at different positions in the

IThe split coil geometry does not strictly conform with a Helmholtz
configuration, as the distance between the coils is larger than their radius.
As a result, the applied field varies in the vicinity of the center. However, for
samples S1-S4, this variation is of the order of magnitude of the uncertainty
brought by the physical realization of the experimental setup and the field
sensor accuracy. A greater deviation is observed for Si, however, a simulation
with a uniform field B,y = 3.95 mT exhibits a B, distribution that is
similar to the one shown in Fig.[6] so that our conclusions on this sample are
unaffected by the non-uniformity of the magnetic field.

xyz-space close to the sample. A hole is made in the sample
holder allowing the probe to pass through it and scan magnetic
fields along the z-axis.
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Fig. 2. Schematic of the experimental setup and its dimensions in millimetres.
The sample holder is in blue, the coils are in red, the Hall probe sensor is in
green and the fasteners are in grey.

Before starting the experimental measurement, a general
calibration step is performed to align the applied field, the
z-axis of the translation stage and the z-axis of the probe.
The magnetic flux density at the centre of the setup is also
measured at this step and is taken as the uniform applied field,
Bipp ~ 3.95 mT.

Then, the measurements can be performed by placing the
samples in the centre of the sample holder, one at a time. The
(z,y) coordinates of the centre of the sample are determined
in order to centre the Hall probe above the hole of the
sample. Finally, a series of measurements is taken at specific
heights z;, moving the probe along the z-axis. The goal of
these measurements is to observe the decrease in magnetic
flux density while approaching the centre of the washer, and
measure the flux density at its centre.

III. NUMERICAL MODEL

Numerical simulations have been performed using finite
element method on COMSOL Multiphysics® with the AC/DC



module following two different approaches. First we consider
the experimental conditions with a field generated by coils, in
order to faithfully reproduce the experimental data. Second, a
uniform field is used instead, in order to investigate the mech-
anisms at play while reducing the number of parameters to be
varied. For this purpose, the shielding factor SF will be used
to evaluate the shielding properties of a given configuration.
The shielding factor is defined as

B app

Bcentre

SF = , (1)
where Bcenye 1S the component of the magnetic flux density
parallel to the applied field and measured at the centre of the
sample.

The constitutive law of the ferromagnetic material is ap-
proximated in two different ways. In a first approximation,
the ferromagnetic material is considered to act as a linear
magnetic material, with a fixed relative permeability. The
obtained results are discussed in Section [Vl In a second
approximation, the saturation of the ferromagnetic material is
taken into account, using a simple model for the magnetization
curve B(H). The obtained results are discussed in Section

IV. ANALYSIS WITH A LINEAR MAGNETIC MATERIAL

In this section, the simulations consider the ferromagnetic
material as a linear magnetic material, i.e. a linear, isotropic,
and homogeneous medium with a fixed relative permeability
. Under this assumption, the flux density measured at the
centre of the washer is a linear function of the applied field,
making the shielding factor independent of it.

It is also interesting to notice that the results are invariant
under a change of scale. This is due to the linearity of
the Maxwell equations and of the considered constitutive
law. It means that all washers with the same ratio Roy/Rin
and the same ratio h/R;, will exhibit the same shielding
factor, when subjected to a fixed field that is uniform over
the washer volume. Therefore, fixing a dimension for all
considered geometries allows us to avoid redundancy in the
results without overlooking any configuration. This has been
done in simulations by fixing the inner radius R;, = 5 mm
for all washers, to match the inner radius of the experimental
samples.

A. Results

The experimental results (symbols) are compared with sim-
ulations (continuous lines) in Fig. [3] for each of the samples of
Fig.[I] For the simulations, a relative permeability ;i = 30000
is considered in order to match the low-field relative perme-
ability quoted by the manufacturer, and the applied field is
generated by coils, as was done in the experiments.

For samples S-S54, the experimental results show an atten-
uation of the in-plane component of the local magnetic field
near the centre of the washer. The applied field intensity is
gradually recovered as the probe moves vertically away from
the washer centre. Both the intensity and the spatial extension
of the attenuation increase as w increases. For instance, the
attenuation of the in-plane component at the centre increases
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Fig. 3. Component of the magnetic flux density parallel to the applied field
direction along the washer symmetry axis for different values of w. The
symbols show experimental data, and the continuous lines show simulation
results obtained with a fixed g, = 30000. The two vertical lines mark the
positions of respectively the bottom and top surfaces of the washers. Here,
Ry = 5 mm, h = 1 mm, Rowt = Riy + w and Bypp = 3.95 mT in the
z-direction.

from 63 % of the applied field for w = 1 mm to 94 %
for w = 45 mm, while half of the attenuation at the centre
is reached over the area |z| < 4.5 mm for w = 1 mm
against |z| < 25.75 mm for w = 45 mm. The lowest
measured magnetic field at the centre is B, ,—o = 0.25 mT
with sample S4, which corresponds to a shielding factor
SF = Byp/Bz,.—0 = 16. For sample Ss, although the
measured curve exhibits an overall attenuation of B,,, a local
increase is observed at the centre of the washer.

Simulations are in good agreement with the experimental
data for the samples S1-S3. The simulations start to deviate
from the experimental results for S; around z = 0 mm, where
the measured field is found to be slightly larger than the
simulated field (< 2% Bypp of difference). This discrepancy
becomes more apparent with S5, for which the measured field
is significantly larger than the simulated field and exhibits a
very different dependence as a function of z.

B. Discussion

The results of Fig. [3] show that a sizeable shielding factor
can be obtained with a highly permeable ferromagnetic washer.
A washer being the limiting case of a hollow cylinder whose
height tends to zero, a deeper look at the magnetic shielding
theory of ferromagnetic cylinders is in order. The theory devel-
oped by Mager [12]] identifies two magnetic flux penetration
routes in a soft ferromagnetic cylinder: a first one through the
cylinder wall, as a fraction of the magnetic flux channelled
in the ferromagnetic material around the inner cavity leaks
into it, and a second one through the open ends. Assuming a
ferromagnetic material of fixed relative permeability p, > 1
and neglecting edge effects, the associated shielding factors
are given as
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where kr = 3.832 is the first zero of the Bessel function
J1(z). The combination of these routes leads, by a simple
addition of the two fields, to a net shielding factor

—1
1 1
SF=—+—) . 4
(SFwall SFopen ) ( )

Following these equations, the shielding factor of an in-
finitely thin cylinder (h — 0) should tend towards SF ~
SFopen — 1.5, and the shielding factor of a washer with
h = 1 mm and R;; = 5 mm, such as the experimental
samples, should be limited by the shielding factor of its
openings, i.e. SF < SFy,en = 2.2. Surprisingly, this limiting
value is much lower than the value of SF = 16 that was
experimentally determined. Given the significant width of a
washer wall in comparison to its height, edge effects are not
negligible, and, therefore, Mager’s theory [12] is not expected
to hold for such geometries.

Indeed, Eq. (@) is obtained by considering the magnetic
flux density channelled through the ferromagnetic material
equivalent to that of an infinitely long cylinder. The equation
is exact under this hypothesis. However, this magnetic flux
density is impacted by the finite length of the cylinder, as
magnetic flux above and below the ends of the cylinder is
channelled into the ferromagnetic material as well. Some of
this flux is captured by the top and bottom surfaces of the
cylinder [13]], [14], and by the outer side surface close to the
top and bottom edges. This additional flux captured increases
the flux density in the ferromagnetic material, mainly close to
the top and bottom of the cylinder. In the case of a washer,
the vicinity of the top and bottom surfaces is such that the
additional flux captured increases the overall flux density in
the ferromagnetic material. As this flux density increases, the
intensity of the magnetic flux leaking into the hole close to
the centre increases as well. This results in a lower SF,; than
predicted by Eq. ().

Eq. (3) is obtained considering long and very thin cylinders,
making them somewhat equivalent to a cylindrical cavity
subjected to the applied magnetic field at both ends. However,
the actual field at the openings is further influenced by the
ferromagnetic cylinder when it has a larger wall width. As
explained above, magnetic flux above and below the ends of
the cylinder is captured along the top and bottom surfaces of
the cylinder. As a result, the magnetic flux density is expected
to decrease near the openings of the cylinder, thus resulting
in a higher SF,pe, than predicted by Eq. (3). This effect is
expected to be more pronounced when the wall width w is
large compared to the other dimensions, as is the case for
washers.

The impact of the edge effects on these two routes of field
penetration highlights a competition between two phenomena:
the increase of the magnetic flux inside the ferromagnetic
material, and the decrease of the field close to the openings.
Still ignoring the saturation of the ferromagnetic material,
further simulations at fixed relative permeability are performed
to better understand how these two phenomena balance them-
selves as a function of the width w of the washer. Fig. [
shows the shielding factor for washers of fixed inner radius,
for different values of relative permeability 1, (Fig. da) and

different heights h (Fig. @]b). The applied field is uniform
and arbitrarily set to Byy, = 1 mT. The approximation curve
(black lines) will be discussed in Section
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Fig. 4. Shielding factor as a function of the washer width w, (a) for different
values of the relative permeability pr and h = 1 mm, (b) for different heights
h and pr = 30000. Empirical approximation of the maximum of shielding
factor SF* (@) and their corresponding width w* (6} are represented by a black
line for a continuous range of, respectively, y; and h, and by a cross for the
simulation of specific values. For both panels, R;, = 5 mm, Rout = Rijn +w
and Bgpp = 1 mT. The horizontal line marks the limit between shielding
(SF > 1) and concentration (SF < 1) of the field. The horizontal dashed line
marks the prediction of SFopen for Rj; = 5 mm and A = 1 mm according to
Eq. (). The three specific cases explored in Fig. |§] are marked with a green
star on panel (a).

For a given p, and h, SF is seen to increase with w,
reach a maximum SF* at a width w*, and then decrease
at larger widths. This maximum shielding factor (SF*) and
its corresponding width (w*) increase with y, and h. Note
that for widths w > w?*, the shielding factor may decrease
below 1, so that the magnetic flux density in the cavity is in
fact larger than B,pp, i.e. the magnetic flux is concentrated
rather than shielded in the centre of the washer. For the sake
of comparison, the shielding factor SFy,, = 2.2 predicted
by the theory of Mager [12] is also shown with a dashed
line on Fig. fla. A significant improvement of the shielding
factor above this theoretical result is observed for large p, and
w ~ w*.

Assuming that the two competing field penetration routes
that were identified above are both reinforced by an increase
of w, the behaviour of the shielding factor can be understood
as follows. For w < w?*, the magnetic flux at the centre
comes mainly from the openings. Since increasing w tends
to decrease the field at the openings, this decreases the field



at the centre, and increases SF. For w > w®*, the magnetic
flux at the centre results mainly from leaking through the
ferromagnetic material. As increasing w tends to increase
the magnetic flux density inside the ferromagnetic material,
this increases the field leaking from it as well, and decreases
SF. The maximum shielding factor SF* is reached when the
changes coming from the two sources balance themselves.
As an increase of u, allows channeling higher field intensity
through the ferromagnetic material, and an increase of & allows
a distribution of the additional flux captured by the top and
bottom surfaces over a larger volume, an increase of either
parameter reduces the magnetic flux leaking from the washer
into the hole. As a result, the equilibrium between the two
sources of magnetic flux is reached for larger w* with a higher
SF* when either p, or h is increased.

This explanation is relying on rough assumptions since the
two phenomena are not evolving monotonically with w and
they are difficult to quantify independently. Therefore, it is
instructive to look at the magnetic field distribution close to the
hole. The distribution of magnetic flux lines in the xz-plane is
shown in Fig. [3 for washers of different widths w. The three
panels respectively show cases with w < w* (a), w ~ w*
(b), and w > w* (c), which are highlighted in Fig. Ela as
green stars. We should warn the reader that although the lines
with arrows follow the actual magnetic flux lines, their surface
density does not have any physical meaning. The intensity of
the magnetic field should instead be deduced from the colour
scale, which shows the ratio

Bapp )
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This colour scale can be understood as a map of the shielding
level in the xz-plane, extending the definition of the shielding
factor to other points than the centre. This choice is made to
highlight the shielding level in the vicinity of the hole, and to
better grasp the extent of the shielded region around it.

For w < w*, Fig. Pla, the magnetic flux lines filling the
hole are coming from the openings. Moreover, some of the
magnetic flux channelled around the hole by the ferromagnetic
material is gathered by the inner side of the washer. This
means that some flux lines penetrate the hole through the
openings before entering the ferromagnetic material and being
channelled around the hole. For w ~ w*, Fig. Elb, the
magnetic flux lines filling the hole are still coming from the
openings, but the magnetic flux gathered by the inner side
of the washer is drastically reduced. The tendency is about
to change, some flux lines escaping from the ferromagnetic
material into the hole are about to appear after an additional
increase in w. For w > w*, Fig. E[c, the flux lines inside the
hole are leaking from the ferromagnetic material. Moreover,
some flux is released by the top and bottom surfaces of
the washer, close to the hole, passing above and below the
openings without entering the hole. These observations are
consistent with the above interpretation, showing a predom-
inance of the flux coming from the openings for w < w*,
a predominance of the flux coming from the ferromagnetic
material for w > w*, and an intermediate state for w ~ w*.
Moreover, Fig. [5] gives additional information on the shape

3
2.5
1.5
E) =
£, 1A
&
L "
0.5
35
30
25
20 —
E) Q
£ LS
&
. m
10
16
14
12
) =)
) 075
&
R Q
8
6

2 [mm)]

Fig. 5. Magnetic flux lines in the xz-plane for different values of w. Here,
Rin =5 mm, h =1 mm, yur = 30000, Bapp = 1 mT, w* ~ 131 mm,
Ry = w* + R, ~ 136 mm. (a) w = 1 mm, Ry, = 6 mm, SF = 2.8.

out —
(b) w = 131 mm, Ry = 136 mm, SF = 33. (¢) w = 1000 mm,
Rout = 1005 mm, SF = 9.

of the magnetic field inside and around the hole, instead of
focussing solely on the central point.

These three regimes are also different in terms of shielding
performance. For w < w*, the magnetic field cancels out at
2 points, symmetrically placed around the centre, on the line
{y =0; z = 0}. The shielding level decreases progressively
around them. The shielded area is relatively small, extending
a bit above and below the hole and growing with w. The
area ||B|| < Bypp showing an attenuation of the magnetic
field might be smaller than the hole if w is too small.
This is actually the case in Fig. Bla. For w ~ w*, the 2
points where the field cancels out have moved towards the
ferromagnetic material, almost to the point of merging with
it. The shielded area is larger, engulfing the entire hole and
extending all around it. The overall shielding level inside the
hole is higher than for the other configurations. For w > w*,
the highest attenuation level is reached somewhere along the
ferromagnetic material, where flux lines are tangent to its



surface. At these points, the flux density in the air is attenuated
enough and the flux density inside the ferromagnetic material
is strong enough to have a ratio between them equal to .
The shielded area extends well around the hole, but a second
area exhibiting a deterioration of the shielding level is growing
inside the first, arising from the sides of the cavity. The larger
the width w, the larger this second area, and the greater the
deterioration of the shielding level. A region where the field
is concentrated, i.e. | B| > Biypp, might appear in this second
area if w is too large. If this region encloses the centre, this
results in a SF < 1 as observed in Fig. ]

The fitting in Fig. 3] confirms a good agreement between the
above studied model and experiments, except for the largest
sample width w = 95 mm. The samples S;-S; are in the
regime w < w*, which explains that the magnetic field at
the centre decreases and the shielded area around the hole
increases as w increases. However, the change of behaviour
of sample S5 is not taken into account by the current model,
which predicts a behaviour in the regime w ~ w*. The model
needs to be modified in order to better represent the behaviour
of the ferromagnetic material. This is done in the following
section, by taking the saturation of the ferromagnetic material
into account.

C. Empirical formulae for the optimal width and shielding
factor

It has been shown in Section [[V-B] that a washer of fixed
inner radius and fixed height achieves a maximum of shielding
factor SF* for a specific width w*. The simulation results
discussed in this section, as well as other simulation results not
presented here, have been used to evaluate graphically SF* and
w*. The assumption is made that SF* and w* follow a simple
power law as a function of Rj,, h and p,. The two following
empirical formulae are obtained, and their predictions are
compared with the simulation results in Fig. ] (black line and
crosses):

hpy

SF* ~ 0.44/ — 5
R’ ®)

n
w* =~ 0.35+/ h Rinfir. (6)

The empirical results fit well the simulation results in the
cases where i, > 1 and h < Ry, i.e. for thin washers made of
high permeability ferromagnetic material. A ratio h/R;, = 0.2,
corresponding to all curves in Fig.[fa and the curve & = 1 mm
in Fig. @b, results in a slight deviation of the empirical results,
and a ratio h/R;, = 1, corresponding to the curve h = 5 mm
in Fig. [} results in a complete mismatch.

V. ANALYSIS OF THE SATURATION OF THE
FERROMAGNETIC MATERIAL

The numerical model in the above section does not take into
account the saturation of the ferromagnetic material, which
is expected to occur in the experimental conditions and in
real-world applications. In this section, the constitutive law
linking the magnetic flux density B and the magnetic field
strength H of the ferromagnetic material is changed from a

constant relative permeability u, to an anhysteretic magneti-
zation curve B(H). An approximation of this magnetization
curve taking saturation into account is given by the Frolich-
Kennelly model [[15]], [[16]] where

- —1
1 [ H] 5
+ H,
Ho (Nr - 1) NJOMsal

with po the vacuum permeability (which also corresponds to
the high field permeability), u, the low field relative permeabil-
ity, and M, the saturated magnetization of the ferromagnetic
material. In the following, simulations are performed using
Eq. (7) with p, = 30000 and Mgy = 0.75/110 A/m to match
the properties of the Mu-metal used in the experiments.

B(H) - W(

A. Results

The experimental results (symbols) are compared with sim-
ulations (continuous lines) in Fig. @ The simulations consider
the B(H) saturation curve expressed by Eq. (7), and an
applied field generated by coils to match the experimental
conditions.
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Fig. 6. In-plane component of the magnetic flux density along the washer

symmetry axis for different values of w. The symbols show experimental data,
and the continuous lines show simulation results obtained with the B(H)
curve expressed by Eq. (7). The two vertical lines mark the positions of
respectively the bottom and top surfaces of the washers. Here, R;, = 5 mm,
h =1 mm, Rou = Rin +w and Bapp = 3.95 mT in the z-direction.

The experimental results are those presented in Fig. [3
Simulations are now in good agreement with the experimental
data for all samples.

B. Discussion

A comparison of the results of Fig. [3] and Fig. [6] show
that both representations of the ferromagnetic-material con-
stitutive law yield similar results for samples S1-S4, meaning
that saturation has a minimal effect on these samples, while
saturation must be taken into account to explain the behaviour
of sample S5. To shed light on the impact of saturation on the
shielding factor, further simulations including saturation are
performed for washers of fixed geometries under an increasing
applied field amplitude. Indeed, saturation limits the magnetic
response of the ferromagnetic material when the magnetic
field amplitude exceeds a certain level, and the magnetic field



level inside the ferromagnetic material for a given geometry
increases with the applied field. The results are shown in Fig.[7]
for a uniform applied field and washers with the dimensions
of the experimental samples.
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Fig. 7. Shielding factor as a function of the applied field amplitude for

different w. Circles show the graphical evaluation of Byyp: while vertical
lines show the approximation of Byppm evaluated by (B). The horizontal line
marks the limit between shielding (SF > 1) and concentration (SF < 1) of
the field. The dashed vertical line represents the amplitude of the experimental
applied field. Here, Rj;, = 5 mm, h = 1 mm, Ry = Rj, + w, and the
saturation curve B(H) expressed by Eq. () is used.

It can be seen in Fig. [7] that the shielding factor of each
geometry is almost constant for low amplitudes of the applied
field. This shielding factor corresponds to the one obtained
with the previous model, ignoring saturation. Then, a drop
of the shielding factor occurs due to saturation. Finally, the
shielding factor reaches a minimum value below 1, meaning
that the magnetic field is concentrated in the hole of the washer
for this applied field amplitude, before increasing slowly at
higher applied field amplitudes, as the shielding factor tends
asymptotically towards 1 due to the finite magnetization of the
ferromagnetic material. The drop of shielding factor happens at
different applied field amplitudes depending on the geometry
of the washer. The threshold of applied field amplitude Bpp i,
marking the onset of the drop, is found graphically as the
intersection between a horizontal line tangent to the curve at
low applied field and the tangent passing by the inflection
point, i.e. the steepest tangent to the curve. The points obtained
by this method are circled in Fig. [7] and correspond to a
graphical approximation of the applied field amplitude at
which saturation occurs in the ferromagnetic material for each
geometry. The approximation of Bp, m represented by vertical
lines will be discussed in Section [V-Cl

The applied field amplitude of the experiment is represented
on Fig.[7]by a dashed line. It crosses the curve for w = 95 mm
when the shielding factor has already dropped significantly
from its initial value, while it crosses the other curves before
their drop. This confirms that the ferromagnetic material of
sample S5, with a width w = 95 mm, was saturated during
the experiment. Figure [§] shows the modelled magnetization
M and the relative permeability p/py = B/uoH of the
ferromagnetic material of this last washer for a magnetic flux
density B,p, = 3.95 mT applied along the x-axis.

The magnetization level shown in Fig. [8] allows to highlight
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Fig. 8. Magnetization M (a) and relative permeability p/puo (b) of the
ferromagnetic material in the xy-plane. Here, Rj;, = 5 mm, h = 1 mm,
w = 95 mm, Roww = 100 mm, u = B/H following the B(H) curve
expressed by Eq. (7), and Bapp = 3.95 mT.

the saturated area, i.e. with M ~ Mg, in red on the graph.
This relatively large area extends from the hole to the sides
along the y-axis, then spreads out towards the front and back
ends with decreasing levels of magnetization. The relative per-
meability B/uoH of the ferromagnetic material, displayed in
Fig. [B]b, shows how saturation deteriorates the ferromagnetic
properties of the washer. The relative permeability is at its
lowest level along the y-axis, more specifically at the two sides
of the hole, where the saturation is most critical. Indeed, the
magnetic flux is caught progressively from the front end of the
washer, and progressively released at its back end, explaining
that the magnetic field concentration increases while getting
closer to the y-axis. On top of that, the deviation of the
magnetic flux around the hole increases further the magnetic
field at its sides.

The working principle of the washer is to channel the
magnetic flux lines in the ferromagnetic material to deviate
them from the hole. This relies on the low reluctance paths
around the hole offered by the high permeability of the ferro-
magnetic material. A decrease in this magnetic permeability,
due to saturation, reduces the efficiency of these paths. The
flux collected by the front end of the washer is less efficiently
channelled while crossing the y-axis, more flux lines cross the
y-axis through the air, and, therefore, through the hole, and the
shielding factor decreases due to saturation.

A non-monotonic evolution of the threshold field Byppm is
observed as a function of the width w. For small widths,
w < 5 mm, By, increases with w. The low reluctance
paths around the hole are relatively thin and can only channel
a limited amount of magnetic flux before being saturated
due to their limited size. Therefore, a smaller width results
in narrower paths, leading to a lower By, . On the other
hand, for larger widths, w > 5 mm, Bypm decreases with
w. As discussed before, an increase in w results in a greater
overall concentration of the magnetic field in the ferromagnetic
material, leading to a lower Bpp, .

C. Approximate formula for the threshold field

If the formulae obtained in Section [V=C] can be used to
optimize the shape of a washer and estimate the resulting
shielding factor, it is also important to take saturation into
account. In Section [V-B] it was shown that the strength of
the applied field leading to saturation depends on the washer
dimensions. As shown in Appendix [A] the threshold magnetic



flux density at which SF exhibits a sudden drop can be
approximated as

Rin 1.5 M
Bappth = 1o (I 4+ Nypy) (1 — No) (1 — l:] ) sat7

Rout oy

(®)
where N; and N, are the transverse demagnetizing factors
of spheroids with respective aspect ratios v = h/2R,, and
v = h/2Ri,, Mgy is the saturated magnetization of the ferro-
magnetic material, and . is the low-field relative permeability
of the ferromagnetic material. This approximation is in very
good agreement with the simulation results, as shown in Fig.
(vertical lines).

VI. COMBINATION OF MULTIPLE CONCENTRIC WASHERS

Studies on infinitely long cylinders have considered the
combination of concentric cylinders of fixed permeability [12].
Such multi-layer structures can provide a higher shielding
factor than a single cylinder with the same volume of material
and the same inner radius. This section aims to extend this
well-known result to washers.

We will consider the case of two concentric washers with the
same height and compare it to a single washer with the same
volume of material. The single washer has the dimensions of
Sy, while the two washers are separated by a gap arbitrarily
set to 1 mm. The material is assumed to be linear, isotropic
and homogeneous, like in Section with a fixed relative
permeability p, = 30000. The amplitude of the magnetic
flux density and the distribution of magnetic flux lines in the
ferromagnetic material are shown in Fig. 0] in the zy-plane
of symmetry for both configurations. The simulations also
showed a significant increase of the shielding factor due to
the presence of the gap, passing from SF = 32 for the single
washer to SF = 50 for the two washers.
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Fig. 9. Magnetic flux lines in the zy-plane of symmetry. (a) Single washer
with Rjy = 5 mm, h = 1 mm, w = 95 mm, Roy = 100 mm and
pr = 30000, leading to SF = 32 at the centre. (b) Two washers separated
by a 1 mm gap, with A = 1 mm and g, = 30000, leading to SF = 50 at
the centre and keeping the same total volume of material as in (a). The inner
washer covers a tenth of the total volume with R;, = 5 mm, w = 27 mm,
Rout = 32 mm, and the outer washer covers the remaining volume with
Rin = 33 mm, w = 67.3 mm, Ry, = 100.3 mm.

The field lines in the single washer, Fig. Ola, are mainly
aligned with the applied field, i.e. along the z-direction. The
amplitude of the magnetic flux density increases progressively
from the front end of the washer to the y-axis. The magnetic
flux is then deviated in the vicinity of the hole, creating 2
critical zones of high amplitude of the magnetic flux density

on its sides. In the second configuration, Fig. E}b, the ratio
between the width and the inner radius of the outer washer
is largely reduced compared to the single washer. This results
in more pronounced critical zones, covering a larger area and
showing slightly higher amplitudes of magnetic flux density.
However, these critical zones are further away from the centre
as the inner radius of the outer washer is larger. Moreover, the
field lines are less aligned with the applied field in favour of
the azimuthal direction, with the flux captured by the front end
of the outer washer diverted around the hole further away from
it. The inner washer shows very low amplitudes of magnetic
flux density compared to both the outer washer and the single
washer.

The low amplitude of magnetic flux density in the inner
washer partly explains the increase in the shielding factor in
the two-washer configuration. Indeed, as the flux density is
reduced in the ferromagnetic material close to the hole, the
flux leaking from it into the hole will be reduced as well.
However, the improvement of the shielding factor obtained by
dividing a washer in two separate pieces is less pronounced
when the original washer has a small wall width, since in this
case the magnetic flux in the hole comes mainly from the
openings.

Here, the widest experimental sample has been chosen as
the single washer geometry, the gap width has been arbitrarily
set to the height of the washers, and the volume ratio between
the inner and outer washers has been chosen as 1 : 9. Reducing
the volume of the inner washer would bring the critical zones
of the outer washer closer to the centre, while increasing the
volume of the inner washer would reduce the magnetic flux
diverted by the outer washer. The chosen ratio seems to be a
good trade-off.

To consider the effect of saturation on the two washers, the
same assumptions as in Section [V|are made, using the B(H)
constitutive law described by Eq. (7). The resulting modelled
shielding factors are shown in Fig.[I0] As observed above, the
outer washer has thinner arms for a slightly larger outer radius
than the single washer resulting in more pronounced critical
zones, and the inner washer shows a reduced magnetic flux
density. Therefore, the threshold of applied field amplitude
above which saturation occurs is lower for the outer washer
and higher for the inner washer than for the single washer.
It can be noted that Eq. (8) can be used to approximate the
threshold associated to the outer washer.

The presence of two thresholds of applied field amplitude
with two washers results in three regimes of applied field
amplitude: a first linear regime where the shielding factor is
constant, a second regime where the shielding factor decreases
moderately due to saturation in the outer washer, and a third
regime where the shielding factor drops significantly due to
saturation in the inner washer. In comparison to the single
washer, the linear range where the shielding factor is nearly
constant is reduced as the outer washer threshold is lower
than the single washer one, whereas the range of applied field
leading to a sizeable shielding factor is increased as the inner
washer threshold is higher than the single washer one. Overall,
the shielding factor is higher with two washers than with a
single one.
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Fig. 10. Shielding factor as a function of the applied field amplitude for
a single washer and two concentric washers. Circles show the graphical
evaluation of the threshold of applied field amplitude of the different washers,
while the vertical lines show the approximation of these thresholds evaluated
by Eq. (8). The horizontal line marks the limit between shielding (SF > 1)
and concentration (SF < 1) of the field. Here, h = 1 mm and the saturation
curve B(H) expressed by Eq. (7) is used, with Rj, = 5 mm, w = 95 mm
and Royt = 100 mm for the single washer, Rj, = 5 mm, w = 27 mm and
Rouwt = 32 mm for the inner washer, and R, = 33 mm, w = 67.3 mm
and Ry = 100.3 mm for the outer washer.

VII. CONCLUSION

It has been shown both experimentally and numerically that
a sizeable attenuation of a transverse applied field can be
obtained using a ferromagnetic washer. A first study ignoring
the saturation of the ferromagnetic material has highlighted
the presence of a maximum shielding factor, varying as a
function of the width of the washer. Empirical formulae have
been presented to evaluate w* and its associated SF*. Then,
the influence of the saturation has been explored. It has
been shown that saturation impacts negatively the shielding
efficiency of the washer. This translates into an upper limit
of the applied field amplitude that a washer can shield, and
a formula has been presented to evaluate this threshold value.
Finally, the generalization to multiple concentric washers has
been introduced with a particular case study.

Further investigations are needed to study the magnetic
behaviour of washers under time varying applied fields and
the impact of hysteresis on the shielding factor. Also, a
more thorough study of structures with multiple washers is
needed to better optimize the various geometric parameters
involved. Moreover, this can be the starting point to adapt
the concepts of magnetic metamaterial devices [17], [18] to
a planar geometry. Indeed, such structures should exhibit an
anisotropic behaviour, with an azimuthal permeability larger
than the radial one. The studied concentric washers show a
similar anisotropy, as the presence of the gap impedes the
channeling of the magnetic flux along the radial direction.

Finally, the possibility of using washers to attenuate in-plane
fields offers interesting perspectives for on-chip applications.
The washers studied in this paper could be miniaturized to ob-
tain washers with an external radius of tens of micrometres, a
scale at which the magnetic response will be largely dependent
on the dynamics of magnetic domains. The response of such
structures will be the object of future work.

APPENDIX A
DERIVATION OF THE THRESHOLD FIELD

In this appendix, an approximate expression is established
for the threshold field Bappm, i.€. the applied field for which
the washer material starts saturating. The approximation is
based on the analytical expression for the perturbation of a
uniform, parallel field applied on a dielectric spheroid, derived
in Stratton’s classical textbook [19]. This problem can be
directly translated into that of the perturbation of a uniform
field due to a magnetic spheroid by replacing electric fields
by magnetic fields and permittivities by permeabilities.

Consider first the case of a spheroid of semiaxes a,b, and
¢, with @ = b > c. The spheroid has a permeability x; and
is embedded in a homogeneous medium of permeability ps.
For an applied field that is uniform and directed along one of
the semiaxes of length a (say, along the x-axis), the magnetic
field inside the spheroid is uniform and given as

H, app

Hin,x:—
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where N, the demagnetization factor, is a function of the ratio
vy=rc/a <1,

N(y) = (10)
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Next, consider a washer of height h, outer radius Ry, and
inner radius R;,. The washer material has a permeability p =
Lo, 1S placed in vacuum and is subjected to a uniform field
H,pp, applied along the x-direction. The field inside the hole
is approximated in two steps. In the first step, the washer
geometry is approximated by a solid spheroid with a = Ry
and ¢ = h/2. From Eq. (O) with p1/p2 = p, the magnetic
field inside the spheroid is given as

Happ

L+ Ni(pe — 1)
where Ny = N(vy1) with v4 = h/2Ryy. In the second step,
consider a spheroidal cavity with a = R;, and ¢ = h/2, hol-
lowed out of the larger solid spheroid, in its centre. Assuming
the cavity is immersed in a field that can be approximated
by the uniform field of Eq. (I2) and applying Eq. (@) with
f2/p1 = pi, one has

Hwasher = ( 12)

Hwasher

1+ N (- 1)

In order to determine the threshold field leading to satu-
ration, one observed in Section that the magnetization
starts saturating to M, along the lateral surface of the washer
hole, in a plane perpendicular to the applied field. Thus, by
continuity of the tangential component of the magnetic field,
the surface magnetic field in the washer hole will be equal to

Hgy = Mga/(pr — 1). Going back to the two approximations
in Eq. and (I3), assuming Heayity ~ Hgy, one finds

1 M,
Bappan = po (1 + Ni(pr — 1)) (1 + N2 ( - 1>> ﬁ (14)

Hcavity = (13)



In practice, it turns out this approximation works well as long
as Rin/Row < 1. For larger ratios, we found empirically that
multiplying Byppm by a factor 1 — (Rin/Rou)'® provides a
better fit, leading to the final expression

1- T
Bapp,lh >~ o (1+N1 (/,Lr—l)) (1—|—N2 H )
My

Hr
- |: Rin :| 1.5
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which was introduced in Section [V=Cl

(ke >1),  (15)
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