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Magnetic sensors are used in many technologies and industries like medicine, telecommunication, robotics,
the Internet of Things, etc. The sensitivity of these magnetic sensors is a key aspect, as it determines their
precision. In this article, we investigate how a thin windmill-like ferromagnetic system can hugely concentrate
a magnetic field at its core. A magnetic sensor combined with such a device enhances its sensitivity by a
large factor. We describe the different effects that provide this enhancement: the thickness of the device and
its unique windmill-like geometry. An expression for the magnetic field in its core is introduced and verified
using finite-element calculations. The results show that a high magnetic field concentration is achieved for a
low thickness-diameter ratio of the device. Proof-of-concept experiments further demonstrate the significant
concentration of the magnetic field when the thickness-diameter ratio is low, reaching levels up to 150 times
stronger than the applied field.

I. INTRODUCTION

Magnetic sensors are essential for numerous indus-
tries like telecommunication, medicine, automotive,
aerospace, robotics, and consumer electronics to mention
a few1–9. They make use of physical phenomena such as
magnetoresistance10, the Hall effect11, or magnetic in-
duction in order to measure the magnetic field. This
gives information on the strength, direction, or proxim-
ity of the sensed magnetic field.

Sensitivity in these kinds of devices has a key role, as it
determines the detection limit of the magnetic field and
its precision. Highly precise and accurate sensors can be
used to detect very weak magnetic fields. A great advan-
tage for magnetic sensors is the possibility of their incor-
poration into a chip so that they need to be planar (2D).
New emerging technologies, such as biomedical sensing12

and the Internet of Things13, stand to greatly benefit
from on-chip devices with unprecedented field sensitiv-
ity.

The groundbreaking use of metamaterials has sparked
a revolution in various research topics14. These arti-
ficially engineered materials possess effective properties
not found in nature, enabling the manipulation of elec-
tromagnetic fields in extraordinary ways. Using the phi-
losophy of transformation optics15 it has been possible
to design magnetic cloaks16,17, hoses18,19, wormholes20,
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or devices capable of concentrating magnetic fields: mag-
netic concentrators21,22. However, while it is known that
reducing the dimensionality of common magnetic ma-
terials (such as ferromagnets) directly affects their de-
magnetizing field23,24, its influence on magnetic meta-
materials is not so evident. Going beyond the limits of
transformation-optics-related concentrators, their advan-
tages could be combined with the magnetic properties
arising when reducing the dimensions of ferromagnets.
This would allow us to potentially obtain devices capa-
ble of enhancing the concentration of magnetic fields in
order to improve the magnetic sensitivity for future sen-
sors.

Although several designs have been proposed25–29, in

Figure 1. Generic representation of a concentration device
comparing the magnetic field modulus B in (a) a bare fer-
romagnetic cylindrical core with (b) the same ferromagnetic
core but with a shell of windmill blades, both exposed to the
same uniform in-plane magnetic field, B0. In this example,
the relative permeability of the core was 100 and the red color
indicates a factor B/B0 > 70.
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this article, we study a windmill-like (also called flower-
like in Ref. [22]) ferromagnetic device inspired by a
magnetic concentrator metamaterial, which can be po-
tentially used as an on-chip magnetic sensor.

II. THE WINDMILL-LIKE CONCENTRATOR

A. Description and model

The geometric design of the so-called concentrator em-
ployed in this paper is characterized by a small-thickness
windmill-like pattern, consisting of a central ferromag-
netic (FM) core and radial FM segments that symmetri-
cally fan out, also called blades (or petals22). The blades
have an inner radius R1 (also the radius of the core),
outer radius R2, and thickness t. The design incorpo-
rates air gaps of the same size and shapes as the seg-
ments, strategically positioned between each segment. A
graphical representation of such geometry is presented in
Fig. 1b.

We also show in Fig. 1, numerical calculations of the
magnetic field strength under an in-plane applied field
considering that both the core and the blades are made of
a linear, isotropic, and homogeneous material with rela-
tive permeability µ = 100. We observe that the windmill-
like device (Fig. 1b) significantly outperforms a bare
FM core (Fig. 1a) in capturing the magnetic field. This
means that by only adding the FM blades to the core we
can achieve a large increase in the captured field at the
core center, thus increasing the sensitivity of a magnetic
sensor placed at the core.

In order to go into the details and give clues for the
optimization of the windmill-like concentrators, we start
by studying a large-thickness case. Consider an infinite
cylindrical rod of a ferromagnet of radius R2. The rod’s
long axis is aligned in the z direction, and a magnetic
field is applied in the x direction. The magnetic field
tends to concentrate in the interior of the FM rod homo-
geneously (shown in Fig 2a), distorting the outside field.
The incremental factor of the magnetic field inside the
rod is twice the applied field; since the demagnetizing
factor for elliptical cylinders is Nm,r = 1/2,23 indepen-
dent of the radius. To further increase the field at the
central axis of the cylinder one can use the transforma-
tion optics technique. Consider a ferromagnetic rod with
radius R1 and an anisotropic metamaterial shell of radius
R2 wrapped around it. The tensor permeability of the
shell is given by a large radial permeability µr → ∞, and
a low angular permeability µθ → 0.21 Using this shell,
further concentration of the magnetic field is achieved at
the FM core, as shown in Fig. 2b. This setup acts as the
combination of the field concentrated with a 3D meta-
material shell and that of the cylindrical FM rod, giving
a total field concentration of 2R2/R1. When the FM
rod is introduced at the center of the metamaterial shell,
the magnetic field outside the concentrator becomes dis-
torted, unlike the metamaterial shell without the inner

Figure 2. (a)-(c) Magnetic B-field modulus at an xy cross-
sectional plane of an infinite (a) cylindrical FM core of radius
R2, (b) a cylindrical FM core of radius R1 covered by an
anisotropic material with large radial permeability, small an-
gular permeability, and radius R2, and (c) a cylindrical FM
of radius R1 with 8 FM blades which extend to a radius R2.
(d) 3D view of the magnetic B-field modulus of an arbitrary
long portion of the (c) case.

FM core. This field outside the concentrator is distorted
in exactly the same way as for a FM with a radius of R2.
This can be appreciated by comparing Figs. 2a and 2b.

A discretized, more realistic, and practical version of
this metamaterial can be built by using a set of n lin-
ear, homogeneous, and isotropic (uniform permeability)
FM blades around the inner FM core. The blades are
separated by equally spaced air gaps. For example, con-
sidering n = 8 blades, as in Figs. 2c and 2d, closely
mirrors the behavior of an ideal anisotropic shell, Fig.
2b.

For infinite concentrators, all xy cross-sectional planes
are equivalent in terms of magnetic field. When the quo-
tient R2/R1 is very large we can interpret the magnetic
flux concentration as collecting the flux that threads a 2D
surface into a 1D line; along the core of the concentrator
(see Supplementary Material, section 2.1).

When considering finite cylinders/concentrators with a
fixed thickness, new effects come into play. The symme-
try along the z axis is lost, and the demagnetization effect
in the z direction becomes relevant. For thin and ho-
mogeneous disks, demagnetizing factors (Nm,r) that ac-
count for the radial magnetometric demagnetization have
already been calculated for materials with any magnetic
susceptibility χ.30 The magnetic field strength inside thin
disks can be expressed as

B =
1 + χ

1 +Nm,rχ
B0 . (1)

The values of Nm,r are numerically calculated in Ref. [30]
for several χ and thickness-to-diameter ratios, t/d.

For large values of χ, Nm,r < 1 and decreases as t/d de-
creases. Thus, as t/d becomes smaller the magnetic field
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Table I. Magnetic concentration factor B/B0 at the center of
the FM core for different t/2R2 values). R2/R1 = 4. The sim-
ulated windmill-like concentrator has µ = 105 and 8 blades.

t/(2R2) B/B0 B/B0

[Eq.(2)] (windmill simul.)
0.013 363 292
0.050 83 84
1.188 28 31
∞ 8.0 7.8

modulus inside the disk increases, always being larger
than the applied field (Eq. (1)). Geometrically, we can
understand the phenomenon as a decrease in the demag-
netizing factor causing magnetic field lines from multiple
parallel planes above and below the disk to converge to-
ward the disk’s interior. In other words, a small-thickness
disk captures part of the field lines that would pass it
above and below when incorporated in large-thickness
cylinders.

A significant increase in the magnetic field can be
achieved by leveraging both effects within a thin disk
due to its demagnetization effect and the concentration
of magnetic field lines in the center of the device using the
FM core and blades. The combination of both strategies
would first concentrate the field inside the disk (by the
demagnetization effect) and then concentrate this field at
the center of the device (through the FM blades). Com-
bining both effects we could approximately express the
field concentration at the core center as a function of the
applied B-field (B0) by

B ≃ R2

R1

1 + χ

1 +Nm,rχ
B0 , (2)

if we assume that the demagnetization factor of a thin
windmill-like geometry resembles that of a thin disk. In
this expression, we consider that when the magnetic field
lines get inside the concentrator, they are all funneled
to the core center. The effectiveness of the R2/R1 term
will depend on how well the shell is discretized; the more
blades, the better (in the limiting ideal case of n → ∞
and µ → ∞ the factor R2/R1 is exact). From Eq. (2)
it is interesting to note that the smaller the thickness-
diameter ratio is, the higher the field concentration would
be at the core, as Nm,r tends to 0 when the thickness-to-
diameter ratio tends to 0.

In Fig. 3 we show the results of the simulations
for thickness with different thickness-to-diameter ratios
(more results in Supplementary Material). Concentra-
tion values at the center of the inner core of the concen-
trator are in good agreement with the values predicted
from Eq. (2) as shown in Table I. Even if the permeabil-
ity of the material is not very high, high concentration is
achieved (more details in the Supplementary Material).

This model is valid for linear, homogeneous, and
isotropic (LHI) materials, with high magnetic permeabil-
ities (mu-metal, permalloy, iron-nickel alloy) in a broad

Figure 3. |B| for two different concentrators with different
t/(2R2) ratios. Top: a concentrator with a t/(2R2) = 0.0025
at (a) central plane and (b) y = 0 plane. Bottom: a con-
centrator with a t/(2R2) = 0.05 at (c) central plane and (d)
y = 0 plane. Notably, the concentrator with a smaller t/(2R2)
ratio exhibits a greater field concentration.

range of magnetic fields. The concentration is thus lim-
ited by reaching the saturation of the material. It is
essential to consider the scale of the concentrator, as
it significantly affects its behavior. As the concentra-
tor sizes and/or thickness-diameter ratios become small,
the FM material ceases to behave as an LHI mate-
rial. In such cases, magnetic domains can appear, and
more sophisticated simulations have to be done (i. e.
micromagnetics22), and Eq. (2) no longer works.

B. Proof-of-concept experiments

Proof-of-concept experiments were performed to ver-
ify the proposed model. In these experiments, samples of
concentrators and disks with different thickness-diameter
ratios were prepared by stacking mu-metal layers. The
mu-metal concentrators used in the experiments had 8
blades and a ratio R2/R1 = 4, with a total diameter,
d = 2R2, of 8.25 cm. The diameter used for the mu-metal
disks was the same as for the outer radius of the concen-
trators, d = 8.25 cm. In order to measure the magnetic
field at the center of these geometries, a cut was made
creating a gap of 1.0 mm in the concentrator/disk where
a Hall probe was placed perpendicularly to the material
plane. We used a Helmholtz coil pair to apply a uniform
magnetic field B0 of 0.2 mT in the plane of the device,
perpendicular to the probe (we checked the linearity of
the device up to applied fields of 1.9 mT). More details
of the experimental measures are explained in Supple-
mentary Material. In Fig. 4 we show images of the two
different devices and plot a graph of the experimental
field concentration as a function of t/d for both types of
sample.

As expected, for low values of t/d the field concentra-
tion at the core increases up to a large factor. Using
a concentrator we can achieve a field of more than 150
times the applied field, an outstanding concentration ra-
tio. Also, it is important to note that for equivalent
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Figure 4. (Top) Photos of the two types of studied sam-
ples, concentrators with 8 blades (left) and disks (right). The
Hall probe is placed in the center of the small gap and it is
perpendicular to the plane of the device and to the applied
field. (Bottom) Magnetic field concentration factor, B/B0, as
a function of the thickness-diameter ratio t/d of the sample.
B0 = 0.2 mT, d = 4.25 cm, and R2 = 4R1. Results are dis-
played for concentrators (in blue) and disks (in orange). In
the inset, we plot the reduction factor due to the presence of
the gap, α, as a function of t/d.

or similar t/d ratios, concentrators always have a higher
concentration compared to the bare disks.

According to Eq. (2), one would expect a factor R2/R1

larger in the concentrators than the disks, which is not
the case according to Fig. 4. This is because of the pres-
ence of the gap, which introduces a geometrical change
in both, the concentrator and the disk. This gap alters
the demagnetization factor in both samples, resulting in
a different field value compared to that of a solid concen-
trator or disk at the core (Eqs. (2) and (1), respectively).

C. Discussion about the gap

In our experiment, the inclusion of the gap was neces-
sary to measure the magnetic field at the center of the
sample using a Hall probe. It is important to note that
the gap must be a physical separation dividing the sam-
ple into two detachable parts, without contact between
them. Otherwise, the field lines would pass through
the FM bridge, and avoid passing through the Hall sen-
sor. Additionally, the presence of the gap introduces
anisotropy. The Hall probe detects the maximum mag-
netic field when the gap is oriented perpendicular to the
applied magnetic field.

Numerical simulations of the samples with the gap re-

produce the experimental measurements reasonably well,
confirming that the presence of the gap is responsible for
lowering the values of the magnetic concentration, com-
pared to the theoretical gap-less devices (see details in
Supplementary Material, Table S3). Then, the consid-
eration of the gap introduces a correction factor in Eq.
2. This factor depends on the t/d ratio. In the inset of
Fig. 4 we show a plot of an approximation of this factor,
α, as a function of t/d, evaluated by dividing the simu-
lated value of the concentration with the experimentally
observed one. After this gap correction, the field at the
core center as a function of the applied B-field, B0, can
be approximated by

B ≃ α
R2

R1

1 + χ

1 +Nm,rχ
B0. (3)

Note that both α and Nm,r depend on t/d (Nm,r tabu-
lated in Ref. [24] and α plotted in the inset of Fig. 4).

One possible way of avoiding this reduction of the field
at the core is by filling the gap with another material,
which should be used as a probe for magnetic fields, (in
a similar way as done for giant magnetoresistance, planar
Hall effect, or Pole Barber based sensors31–34, for exam-
ple). This means that there must be no space with air
between the high permeability material of the sample and
this probe material. Moreover, this permeability should
be as high as possible to obtain the greatest concentra-
tion. Numerical simulations also have been performed to
show how filling the gap with another material of differ-
ent permeability affects the concentration (see Table S4
in the Supplementary Material). The addition of this ma-
terial clearly indicates an increment of the concentration
field. Moreover, the higher the permeability in the gap,
the closer the concentration approaches the theoretical
values.

III. CONCLUSIONS

To conclude, by combining the ideas of magnetic meta-
materials, the effects of the windmill-like concentrators,
and the demagnetizing fields in finite geometries, we
have demonstrated the achievement of unprecedented
field concentrations in a planar device capable of being
built on-chip. This could be useful for many technologies
where magnetic sensors are present. Beyond sensors, the
use of such devices for changing some effective properties
(coercivity, ...) could be also explored. An expression
describing the combination of all these effects was pro-
posed and validated through numerical analysis. Proof-
of-concept experiments showcased the remarkably high
levels of magnetic field concentration attainable in such
a windmill-like system. Even though further calculations
including magnetic domains and micromagnetics ought
to be performed to find how these systems behave at ex-
tremely thin limits and/or microsized concentrators, our
approach is always valid for LHI materials.
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DESCRIPTION OF THE SUPPLEMENTARY MATERIAL

Details of the numerical simulations performed, as well
as a detailed description of the experimental procedure.
Complementary information containing discussion on the
dimensions, thickness, permeability, and the gap effects
on the results.
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