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Magnetic metamaterials have demonstrated promising perspectives to improve the efficiency of
magnetic flux concentrators. In this work, we investigate the effects of downscaling these devices
for on-chip integration. We scrutinize the influence of the non-linear magnetic response of the fer-
romagnetic components, their magnetic irreversibility, the formation of magnetic domains, as well
as the effects of geometry and size of the devices. Our results demonstrate that the implementation
of metasurfaces at the microscale opens up new technological possibilities for enhancing the perfor-
mance of magnetic field detectors and remotely charging small electric devices, thus paving the way
towards new approaches in information and communication technologies.

PACS numbers: ....

I. INTRODUCTION

In the current information and communication age,
smart electronic systems, sensors, actuators, wireless, or
remote monitoring technologies are experiencing a aston-
ishing growth rate[1]. In particular, magnetic sensors
have been implemented to achieve a wide diversity of op-
erating functions in several applications. There are many
approaches to sense magnetic fields[2, 3], based on dif-
ferent physical principles including Hall-effect, fluxgate,
anisotropic magnetoresistance, magnetic tunnel junc-
tions, SQUIDs, or nitrogen-vacancy centers. Although
enormous progress has been made to improve their per-
formances, considerable research effort is still needed to
find new ideas enabling enhanced sensitivity, combined
with low power, remote monitoring, or autonomous oper-
ation. An important problem for magnetic sensors arises
from the combination of two technological trends: the
need for very high sensitivities (detection and monitor-
ing of gradually smaller magnetic fields) and the small
volume available for the magnetic sensors in increasingly
more densely integrated devices. These two trends some-
times lead to a conflicting strategy: reducing the volume
of the sensor generally decreases its sensitivity, since the
latter depends on the area threaded by the magnetic flux.
A widely implemented solution for increasing magnetic
concentration consists in placing the sensing area in the
gap between two ferromagnetic strips [4–9]. However,
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the potential of magnetic flux concentration for sensing
devices is currently far from been fully exploited. This is
due in part to the fact that concentration power has been
so far studied only in simple ideal cases and can be further
developed exploring other geometries, with more practi-
cal relevance. As with the sensors, further improvement
of magnetic flux concentrators (MFC) could be beneficial
for energy harvesters whose performance depends on the
magnetic flux in the dedicated pick-up area [10, 11].
It has been demonstrated that by properly adapting

the geometry of millimiter scale MFCs, a substantial am-
plification effect can be obtained with an optimal per-
formance achieved in tanga-shaped concentrators [4, 12].
Later on, based on numerical simulations, Sun et al. [8]
demonstrated that a triangle-shaped concentrator offers
the widest linear working range and provides a com-
petitive magnetic gain compared to other geometries.
Recently, a new approach based on transformation op-
tics techniques has been proposed to efficiently and ho-
mogeneously concentrate magnetic flux and collect en-
ergy from weak low-frequency magnetic fields at small
scales, with the potential to radically improve the effi-
ciency of the next-generation of sensors and magnetic
harvesters[13]. Indeed, a metamaterial shell composed
of concentric and equidistant funnels made of ferromag-
netic foils surrounding a magnetic sensor, could enhance
the magnetic field (for static and up to several kHz ac
fields) in the sensing area, by a factor that depends on
the shell radii ratio and the number of funnels [14]. This
effect, however, has only been demonstrated in large-scale
proof-of-principle experiments, e.g., bulky 3D concentra-
tors or cylindrical systems [15, 16]. An important step
forward consists in downscaling the concept of metama-
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terial shells to provide planar meso/micro-metasurfaces
for integration in microscale on-chip devices, where the
use of sensors and small harvesters is increasingly needed
[17]. In addition, the proposed magnetic metamaterials
have only been analyzed assuming that their components
exhibit a linear response, without magnetic saturation
and ignoring the irreversible response of real ferromag-
netic materials. Scrutinizing the influence of these effects
on the response of the magnetic flux concentration and
quantifying their dependence on the geometry and size of
the structure will further help the optimization of ratio-
nal designs as well as identifying the operational limits
of technologically-mature devices.

In this work, we carry out an experimental and numer-
ical analysis of planar magnetic field concentrators rep-
resenting miniaturized thin film versions of the designs
proposed in Refs.[15, 16]. The numerical simulation in-
cludes modeling of magnetic domain structure effects in
planar metasurfaces and assumes a realistic non-linear
dependence of the magnetic permeability for the ferro-
magnetic components. We investigate the influence of
the metasurface thickness and geometry in order to op-
timize the concentration gain and the range of the linear
response. In addition, we investigate the influence of the
applied field direction as well as the field homogeneity at
the center of the devices. Experimental validation of the
numerical results is obtained by exploiting a ferromag-
netic sensor surrounded by the magnetic metamaterial.

II. METHODS

A. Modeling

The considered MFC consists of a flower-like structure
as schematically presented in Fig. 1(a), where each petal
of thickness t has the same opening angle θ and is made
of a soft ferromagnetic material. The inner and outer
radii of the structure are Ri and Ro, respectively. Un-
less otherwise explicitly indicated, all simulations have
been performed for a device with Ro = 5Ri = 5 µm and
t = 80 nm. This device is intended to concentrate the
applied in-plane magnetic field Ba in the central region
surrounded by the flower where a magnetic sensor will
be located. The intensity of the concentrated field, la-
beled B0, is the average of the field in a sphere of radius
Ri/10 centered at the geometrical center of the MFC.
Note that the flower-like geometry and the presence of a
magnetic multi-domain states in the ferromagnetic petals
could produce a magnetic field B0 that is non-collinear
with Ba. Therefore, a convenient figure of merit quan-
tifying the concentration power of the device (so-called
gain G) is the ratio of the projection of the field at the
center of the flower B0 along the direction of the applied
magnetic field,

G =
B0 ·Ba

|Ba|2
. (1)

A regime in which G > 1 will be referred to as concen-
trator, whereas for G < 1 the device acts as a magnetic
shield.
Micromagnetic modeling of the metamaterials were

performed with the open-source MuMax3 program [18],
a finite difference method to simulate the time- and
space-dependent magnetization evolution by solving the
Landau-Lifshitz-Gilbert (LLG) equation:

∂m

∂t
= γHeff ×m+ αm× ∂m

∂t
(2)

where m = M/Ms is the reduced magnetization, γ is the
gyromagnetic ratio, α is the damping constant and Heff

is the effective field comprising the exchange, the Zee-
man and the dipolar contributions. The modeled mate-
rial is permalloy (Py) with magnetic saturationMs = 860
kA/m, exchange stiffness Aex = 13 pJ/m, and negligible
magnetocrystalline anisotropy [19, 20]. The discretiza-
tion cell size has been fixed to ∼ 10 nm in each direction.
Even though this cell size exceeds the exchange length
λ ∼ 5 nm, which could result in a loss of accuracy re-
garding the domain walls, we have confirmed in a device
with Ro = 2.5 µm that the results remain nearly invari-
ant for smaller cell sizes.
The micromagnetic simulations were compared to the

response of a homogeneous ideal paramagnetic material
(IPM) obtained through the same method as in Ref.
[15] but extending it to account for a finite film thick-
ness. The relative permeability of the IPM is set to
µ/µ0 = 105, with µ being a temperature- and magnetic-
field-independent constant. Under this assumption, the
IPM will not exhibit any saturation field. Stationary
Maxwell’s equations in the absence of current are solved
using a finite element method with the magnetostatic
module of Comsol Multiphysics software. For each field
configuration, a stationary solution is obtained with a
relative accuracy of 10−5. The simulation box of lateral
size 8Ro (large enough to ensure an error due to field
line confinement lower than 1%) is discretized using a
tetrahedral mesh grid and imposed boundary conditions
B = Ba.

B. Experimental

Several 60-nm-thick Py flower-shaped MFCs with var-
ious designs have been fabricated on silicon substrates
using radio-frequency sputtering deposition and electron-
beam lithography techniques. The concentrators have a
radii ratio Ro/Ri = 5, with an outer radius Ro of ei-
ther 40 or 80 µm, and a number of petals between 2 and
8. A scanning electron microscopy image of a four-petal
structure is shown in Fig. 1(b). The exact thickness of
the structure t = 61 nm was obtained by atomic force
microscopy (inset of panel (b)). A saturation magnetiza-
tion of 712 kA/m was determined from magnetization
hysteresis loop measurements of unpatterned Py thin
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FIG. 1. (a) Sketch of the magnetic flux concentrator indicating the main geometrical parameters and the applied magnetic field
orientation. (b) Scanning electron microscopy image of a four-petal MFC (Ro = 80 µm) with a central disk-shaped magnetic
sensor (blue coloured) and a reference sensor (in green). The inset shows a thickness line-profile obtained by atomic force
microscopy. (c) MOKE image of a six-petal device (Ro = 80 µm) in the demagnetized state. The perfect symmetry in the
petal on the right hand side is broken by the presence of a small defect. The red arrows indicate the mean direction of the
in-plane magnetic moment.

films using a Quantum Design SQUID magnetometer.
The magnetic domains were visualized using a magneto-
optical Kerr effect (MOKE) microscope from Evico mag-
netics in the longitudinal Kerr configuration using a 50×
magnification objective lens [21]. MOKE images pre-
sented in this work are obtained employing background
subtraction. In Fig. 1(c), a MOKE image corresponding
to the demagnetized state is shown for a six-petal struc-
ture with an outer radius of Ro = 80 µm. Landau and
diamond patterns as well as cross-tie domain walls are
clearly visible. The domain orientation is indicated with
red arrows for two of the petals. The central disk is made
of Py and will serve as magnetic field sensor. The results
presented in this work compile measurements performed
in more than 15 devices and repeated on the same device
several times.

III. RESULTS AND DISCUSSION

A. Numerical investigation

Until now, numerical investigations of magnetic
metamaterial-based flux concentrators have only been re-
alized for macroscopic dimensions [14–16, 22]. In addi-
tion, the materials forming the concentrators have been
assumed to be homogeneous, isotropic and linear. Nei-
ther the non-linear response nor the inherent irreversibil-
ity of the ferromagnetic hysteresis have been taken into
consideration. In order to determine the impact of the
magnetic domain distribution in a MFC, we compute the
local reduced magnetization m(r) in a six-petal 80-nm-
thick concentrator and calculate the resulting stray field
Bs(r) induced at the center of the device, which in turn
will define the concentration power of the device. The
gain of the MFC is defined by Eq. (1) with the com-
ponent of the field B0 = Bs + Ba at the center of the
structure along the applied field direction. In Fig. 2(a),

the hysteresis cycle of Bs is plotted as a function of Ba

whereas the calculated gain is shown in the inset.

We observe that the linear response of the concentrator
(correspondingly resulting into a constant gain G) takes
place within a narrow magnetic field range highlighted
by a blue (orange) shaded area for the ascending (de-
scending) magnetic field sweep. Within this field range,
the magnetic domains arrange themselves to form flux-
closure patterns with a vortex core and/or a cross-tie wall
separating two anti-parallel domains. The displacement
of the magnetic vortex cores, as indicated by the black
arrows in panels (c-e) of Fig. 2, provides the linear re-
sponse. For high applied magnetic fields, the magnetic
response saturates and the stray field remains almost con-
stant (G ≈ 1). The observed slight decrease of Bs as the
device reaches saturation is due to the fact that the petals
perpendicular to Ba generate a stray field in the oppo-
site direction to the petals parallel to Ba, thus tending
to reduce the total stray field. Two important messages
can be drawn from an analysis of Fig. 2: (i) the presence
of magnetic domains severely reduces the field range for
which the MFC can operate in the linear regime and (ii)
the saturation field leads to a reduction of the gain.

In order to investigate the influence of the concentra-
tor thickness, micromagnetic simulations have been per-
formed for thicknesses varying from 40 to 100 nm, and
for three different number of petals Np = 4, 6, 8. The
main findings are summarized in Fig. 3 where the gain
calculated in the linear regime of a ferromagnetic device
is compared with that predicted by the IPM model for
thicknesses varying from 40 nm to 2 um. For reference,
the performance of an infinitely tall cylindrical concen-
trator (t → ∞) is indicated by the right-pointing arrows.
Note that MFCs of finite thicknesses have an improved
gain compared to macroscopically thick ones. The reason
for this is that thin devices are able to collect additional
magnetic field lines from above and below the plane of
the device. This enhancement is less pronounced as t
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FIG. 2. Magnetic domain distribution in a six-petal MFC
and the associated stray field. (a) Hysteresis loop of the stray
field Bs emanating from the petals at the center of the device
as a function of the applied field intensity Ba. Blue and or-
ange lines are respectively for ascending and descending field
sweeps. The dashed black line corresponds to an ideal para-
magnetic material. Blue and orange highlighted regions show
the range of applied magnetic fields for which there is a linear
relation between B0 and Ba related to the displacement of the
magnetic vortex cores and the domain walls. Inset: gain G
as a function of the applied magnetic field. (b-f) Mapping of
the magnetization at different applied magnetic fields. Panels
(c-e) correspond to the linear regime with the dashed black
arrows indicating the vortex displacement direction.

is reduced since a non-negligible part of the stray field
at the inner tip of the petal spreads towards the out-of-
plane direction and does not contribute to increasing the
gain. This observation might suggest that there should
exist an optimum thickness of the MFC in the range
Ri < t < 2Ri, leading to a gain G ≈ Gmax/2, with
Gmax = Ro/Ri being the maximum possible gain ob-
tained for an ideal magnetic metamaterial concentrator
including IPM in combination with an ideal diamagnetic
material [22]. For thicknesses below 100 nm, micromag-
netic simulations (square symbols) departs from the pre-
dictions of the IPM model (circles), suggesting a reduc-
tion of the effective permeability of the device in very thin

structures related to the magnetic domain distribution.

FIG. 3. Gain for devices with Np = 4, 6 and 8 as a func-
tion of the thickness t. The right-pointing arrows represent
the gain for infinitely tall cylindrical devices (2D limit). Cir-
cles are obtained within the IPM model and square symbols
correspond to micromagnetic simulations for a ferromagnetic
device.

Fig. 3 also shows that the gain increases with the num-
ber of petals, similarly to what has been demonstrated
for macroscopic concentrators [22]. However, simulations
show that a structure made of Np = 2 outperforms the
case Np > 2 reaching a maximum gain of about 2.2 (see
Fig. 4). This is the case provided that the applied mag-
netic field is oriented along the bisector of the petals, as
schematically shown in the upper inset of Fig. 4. For
in-plane orientation angles β away from this optimum
direction (corresponding to β = 0), the gain is rapidly
reduced. This highly anisotropic response requires care-
ful orientation of the device and the knowledge before-
hand of the direction of the magnetic field intended to
be harvested or measured. From a technological appli-
cation standpoint, it is convenient to increase the num-
ber of petals for the sake of rendering the device more
isotropic, at the expense of slightly compromising the
gain. Fig. 4 shows that an isotropic response is already
achieved by increasing the number of petals to Np = 4,
irrespective of the thickness of the device. The fact that
the gain becomes angular independent for Np ≥ 4 has
been confirmed for different angles of the petals and the
same is expected when intercalating a perfect diamag-
net between ferromagnetic petals. Additional simula-
tions showing that the gain also depends on the opening
angle θ of the petals, with an optimum for θ = π/Np, are
discussed in Supporting Information.
Let us now focus on the impact of the number of petals

Np on the gain of the device. As shown in Fig. 5(a), the

higher Np, the larger the mean gain G = 1
2π

∫ 2π

0
G(β)dβ,

qualitatively following the trend predicted by the IPM
approximation (dashed line). However, when the effect of
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FIG. 4. Gain as a function of the in-plane magnetic field
orientation β for Np = 2 and 4. Results from micromagnetic
simulations (FM - squares) and IPM approximation (circles)
show are qualitatively similar. The dashed line represents the
angular-average gain Ḡ for Np = 2.

the magnetic domain distribution is included (squares),
we observe that the computed gains depart from the IPM
model for a larger number of petals. Moreover, a given
structure can give rise to slightly different values of Ḡ
(maximum variation limited to 10%) depending on the
magnetic domain configuration in the petals. This fact
is illustrated in Fig. 5(b) where the stray field at the cen-
ter of the device is shown as a function of the applied field
for devices with 4 and 8 petals. In each petal, the domain
arrangement is a combination of Landau, diamond and
multiple cross-tie patterns. Interestingly, a higher gain is
obtained when diamond rather than Landau or cross-tie
patterns develop in the pair of petals aligned with the
applied field. Furthermore, in the presence of diamond
patterns the change of stray field intensity at the cen-
ter of the device slightly deviates from the perfect linear
relation Bs = (G − 1)Ba, with a slightly larger gain at
low magnetic fields. As demonstrated for a rectangular
strip of similar dimensions [24], there are no significant
differences between the magnetic energies of cross-tie and
diamond states for ideal samples and therefore the prefer-
ential magnetic configuration will mainly depend on the
sample defects and magnetic history. In order to achieve
optimal operation conditions, a constant gain is desired,
which will in turn require the configuration of magnetic
domains to be fixed. This could be done, for example, by
introducing notches along the long sides of the petals to
force the presence of domain walls and therefore promote
the diamond states.

Although increasing the number of petals leads to a
higher gain, it also reduces the range of the linear regime.
This is shown in Fig. 5(c) where the annihilation field

µ0Han (i.e. the applied field required to remove the flux-
closure pattern and setting the limit of the linear regime)
normalized by the thickness is plotted as a function of the
number of petals for MFCs with different thicknesses.
The annihilation field µ0Han is proportional to the de-
magnetization factor Nx as theoretically demonstrated
for vortex expulsion in a magnetic thin disk [25]. This
result suggests that a drastic reduction of the range of the
linear regime is expected for thinner and longer petals as
well as for a larger number of petals.

B. Experimental results

In the previous section we have discussed the influ-
ence of several parameters on the theoretical gain of mi-
croscopic MFCs. Let us now compare these predictions
based on micromagnetic simulations with the experimen-
tally obtained G in microfabricated flower-like MFCs (see
Section II B for details on the fabrication process and the
device dimensions).
In order to evaluate the gain, it is necessary to be able

to measure the in-plane component of the magnetic field
at the center of the MFC. An elegant way to achieve this
goal is to introduce a ferromagnetic sensor disk at the
center of the MFC and to track the position of the mag-
netic vortex formed in the sensor as a function of the
applied magnetic field. According to previous theoreti-
cal studies [25], the off-center displacement of the vortex
core, δ, should be linear with the applied magnetic field:

δ(Ba) = χ(0)
RdBa

µ0Ms
, (3)

where χ(0) is the magnetic susceptibility at zero field, Rd

is the radius of the disk and Ms its saturation magneti-
zation. By measuring δ for an isolated disk and for an
identical disk surrounded by a MFC, we can deduce re-
spectively Ba and Bs, and thus compute the gain G. Fig.
6(a) shows the displacement predicted by micromagnetic
simulations for an isolated disk (blue circles) and a disk
surrounded by a MFC (orange circles). These simula-
tions have been performed for an applied magnetic field
for which the MFC exhibits a linear response and sweep-
ing from positive to negative fields. From the ratio of the
slopes for the two lines in Fig. 6(a), a gain G ≃ 1.6 is ob-
tained. It is essential that the gap separating the sensor
and the MFC, dgap, exceeds a certain critical distance in
order to avoid mutual dipolar interactions between the
ferromagnetic sensor and the flux concentrator. Figure
6(b) shows the gain calculated from δ as a function of
the gap size. The black dashed line shows the theoretical
gain without the sensor, or similarly for a sensor of in-
significant size (i.e. Rd = 0 and dgap = Ri). For dgap <
0.1 µm, the sensor is strongly influenced by the MFC
and does not host a vortex state, making it unsuitable
for evaluating the gain. As a rule of thumb, a good ac-
curacy of the sensor is obtained for dgap ≥ Rd. For the
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FIG. 5. (a) Evolution of the mean gain Ḡ with the number of petals Np for t = 80 nm. Square symbols represent the predictions
based on micromagnetic simulations whereas the IPM approximation is represented by the dashed line. For Np = 4 and 8 the
two data points correspond to different configuration of magnetic domains. (b) Comparison of the stray field at the center of two
identical devices exhibiting different magnetic domain configurations in each petal. The different configurations are obtained
by slightly modifying the initial configuration before relaxing the structure. (C) Variation of the annihilation field normalized
by the thickness as a function of Np. The dashed black line shows the expected dependence assuming that µ0Han = aNx + b
(a and b are fitting parameters) where the demagnetization factor Nx is the one of a rectangular stripe with dimensions similar
to the petal with the long axis aligned with the applied field [23].

sake of completeness, calculations have been performed
varying Ri while fixing Rd and the other way around,
with both results confirming the same trend. For com-
putational reasons the simulated devices are limited in
size (Ro = 5 µm). However, the findings presented in
Fig. 6(b) suggest that the gain can be efficiently probed
for devices with various Ri and thus with larger dimen-
sions (including the disk sensor radius), as long as the
condition dgapd is fulfilled.

Let us now discuss the experimental results, for which
the MOKE microscopy has been used to track the core
of the magnetic vortex in the disk-shaped sensor as a
function of the in-plane applied magnetic field. Fig. 7(a)
shows the obtained vortex displacement δ for an isolated
reference disk-shaped sensor (orange symbols) and a sen-
sor surrounded by a four-petal MFC (blue symbols). The
linear regime, for which the MFC is operational, is indi-
cated by the blue region. Within this linear regime the
vortex displacement rate dδ/dBa (represented by the col-
ored dashed lines) is largest in the presence of the MFC,
indicating that a more intense magnetic field is applied
to the disk (i.e. G > 1). Remarkably, the deviation from
the constant gain approximation (dashed line) before en-
tering the linear regime (between -0.2 and 0 mT) has
been already anticipated by the micromagnetic simula-
tions as revealed by an abrupt increase of the gain in the
inset of Fig. 2(a).

The gray scale in MOKE images is proportional to
the local horizontal magnetization component, with dark
(bright) areas representing negative (positive) magneti-
zation. Based on this fact, we are able to determine the
average reduced magnetization, m = M/Ms, for each in-

dividual petal. In Fig. 7(b) the orange (blue) line shows
the average reduced magnetization for a petal aligned
(perpendicular) to the applied magnetic field as extracted
from the MOKE images shown in panels (c-h). The com-
bination of these MOKE images and the hysteresis loops
of individual petals allow us to confirm that the the lin-
ear regime is conditioned by the formation of flux-closure
patterns in all petals while its extension is limited by the
existence of flux-closure state in the petals parallel to the
applied field.

The fact that the microfabricated structures are one or-
der of magnitude larger than the simulated ones, makes
the magnetic field range for which the linear regime is
experimentally observed substantially smaller compared
to the simulations. Indeed, as presented in Fig. 5(c), the
annihilation field is proportional to the demagnetization
field, and the ratio of Nx for micromagnetic and exper-
imental designs varies from 12 to 9 with an increasing
number of petals.

By performing the same experiment on disks sur-
rounded by MFCs with different number of petals (Fig.
8), and limiting the analysis to the linear regime, the
trend predicted by the simulations nicely captures the
experimental results. Fig. 8 shows a clear increase of the
displacement rate due to the presence of the MFC, with
a mean gain Ḡ varying from 1 to 1.75 depending on Np.
As shown in the inset, the experimental results fairly well
reproduce the micromagnetic predictions obtained for a
smaller device. In an attempt to obtain a more quan-
titative comparison, we have also implemented the IPM
model taking into account the actual size of the experi-
mental device and a further reduction of the gain caused
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FIG. 6. (a) Micromagnetic simulation of the vortex core dis-
placement with applied magnetic field in a 60-nm-thick disk
isolated (blue) and surrounded by a six-petal MFC (orange).
The insets illustrate the relevant geometrical parameters dgap,
Rd and δ. (b) Gain deduced from tracking the vortex core
displacement in the disk sensor as a function of the gap dgap
separating the petals from the sensor. The sensor is imprac-
tical for dgap < 0.1 µm and its read-out is reliable only for
dgap > 0.4 µm. The black dashed line shows the theoretical
gain without the central disk. Simulations have been done
with Ro = 4Ri.

by the presence of magnetic domains (see Supporting In-
formation). There are however, several ingredients which
can affect the efficiency of the device that are not consid-
ered in the numerical model. Namely, defects inherent
to the fabrication process, the Py grain structure, the
formation of a magnetic dead layer, or the presence of
pinning sites. Results reported in Fig. 8 have been ob-
tained on MFCs with radii Ro = 5Ri = 80 µm. For
the sake of completeness, the same experiment was per-
formed on devices with smaller dimensions, leading to
the same conclusion. Results are reported in Supporting
Information.

In Fig. 8 two sets of blue datapoints are depicted for
the two-petal MFC, evidencing the anisotropic response
of the device when the applied in-plane magnetic field
is parallel (β = 0) or perpendicular (β = π/2) to the

FIG. 7. (a) Experimentally determined relative vortex core
position in a sensor-disk with radius Rd = dgap = Ri/2 sur-
rounded by a four-petal MFC with radius Ro = 5Ri = 80 µm
(blue symbols) and for an isolated sensor-disk (orange sym-
bols). The dashed lines are linear fits in the linear regime.
(b) Hysteresis curves corresponding to a single petal obtained
from contrast change in MOKE images partially presented in
panels (c-h). The color code of the curves in panel (b) corre-
sponds to the petal indicated in panels (c-h).

petals. The mean gain over a complete rotation of the
device as calculated following the same method used for
Fig. 4 leads to a negligible concentration power, i.e. Ḡ ≃
1. A more detailed angular dependence measurement
is summarized in Fig. 9 where a cosinusoidal variation
of the gain is obtained for a two-petal MFC whereas a
four-petal MFC exhibits an isotropic behaviour, in good
agreement with the numerical modeling.

IV. CONCLUSION

In summary, we have presented an in-depth analysis
scrutinizing the possibility to use ferromagnetic-based
metasurfaces to concentrate magnetic flux at the microm-
eter scale. Firstly, we have demonstrated that the per-
formance of the studied magnetic flux concentrators de-
pends on the thickness of the device, with an optimal
thickness Ri < t < 2Ri. We have also shown that the
properties predicted for macroscopic devices studied in
Ref. [15] concerning the effect of petal number and di-
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FIG. 8. Experimentally determined effect of the number of
petals on the vortex displacement rate compared to a refer-
ence isolated disk (orange). The two sets of datapoints for
the Np = 2 MFC (blue) correspond to the cases where the
applied in-plane magnetic field is parallel and perpendicular
to the petals, respectively. MOKE images at the top of the
figure show the change of vortex core position in the sensor
surrounded by the 8-petal device. The inset shows the mea-
sured mean gain Ḡ as a function of Np for a large batch of
different devices with Ro = 80 µm (black circles). The upper
line shows the theoretical result deduced from micromagnetic
simulations for a device substantially smaller than that ex-
perimentally measured. The lower dashed line corresponds to
IPM predictions for the correct sample size and including a
further reduction of the gain caused by the presence of mag-
netic domains.

mension, as well as the isotropic response of the concen-
trator, are reproduced in microscopic devices. Secondly,
we have demonstrated through micromagnetic simula-
tions that the non-linear response of the ferromagnet
limits the range of magnetic fields for which the con-
centrator can operate with a constant gain greater than
1. This range corresponds to the regime of stabilization
of flux-closure patterns in each petal of the MFC and
can be tuned by modifying the demagnetization factor
of the petals. Lastly, we experimentally confirm the the-
oretical predictions for devices with an outer radius of
40 and 80 µm . We demonstrate that the gain of on-
chip MFCs can be obtained by imaging domains with
MOKE microscopy and by tracking the displacement of
a magnetic vortex core formed in a FM disk placed at the
center of the MFC. Our results prove that an isotropic re-
sponse is obtained with a MFC composed of at least four
petals and the concentration gain measured experimen-
tally follows the predicted trend regarding the number of
petals. Several routes could be explored to further im-
prove the performace of MFCs. In particular, a closer

FIG. 9. Variation of the gain as a function of the in-plane
magnetic field direction β as illustrated in the inset. The in-
plane anisotropy observed with a two-petal MFC vanishes for
a four-petal concentrator.

look should be taken at how the domain arrangement
can improve the efficiency of the metasurfaces. Further
experimental aspects deserve to be investigated, such as
the use of magnetoresistive sensors, the possibility to in-
troduce different ferromagnetic materials for the MFC
and the sensor, and adapting the shape of the sensor to
exploit its shape anisotropy. As a final remark we would
like to point out that even thought only DC magnetic
fields have been investigated in this work, the proposed
MFCs should be equally suited for higher frequency ap-
plications up to hundreds of MHz. The reason for this
broadband resilience is manifold. Firstly, because of the
MFC thin film geometry, losses associated to eddy cur-
rents are negligible [26]. Secondly, if external magnetic
field intensities restricted to the MFC linear regime are
considered, the dynamic response of the petals consists
in domain walls displacements which are expected to ex-
hibit little lag under external excitation of few hundreds
of MHz in Py microsctructures [27]. Thirdly, magnetic
losses arising from the ferromagnetic resonance are ex-
pected at substantially higher frequencies (of the order
of GHz). A more quantitative and accurate determina-
tion of the impact of geometrical and material’s param-
eters on the cut-off frequency limiting the operational
spectrum of the MFC deserves further theoretical and
experimental investigations.
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calá, L. Balcells, N. Mestres, N. D. Nguyen, A. Sanchez,
A. Silhanek, and A. Palau, Tunable perpendicular mag-
netoresistive sensor driven by shape and substrate in-
duced magnetic anisotropy, Advanced Sensor Research
10.1002/adsr.202200042 (2022).
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