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Metamaterials with engineered structures have
been extensively investigated for their capability to manipulate
optical, acoustic, or thermal waves. In particular, magnetic
metamaterials with precise geometry, shape, size and arrange-
ment of their elemental blocks may be used to concentrate,
focus, or guide magnetic fields. In this work, we show the
potential of using soft-magnetic permalloy (Py) metasurfaces to
tailor the physical properties of other magnetic structures at the
local scale. As an illustration, the magnetic response of a Cobalt
(Co) sensor bar placed at the core of a Py metasurface is
investigated as a function of in-plane magnetic fields through
the planar Hall effect. Our findings reveal that by appropriately
selecting the metasurface geometrical parameters, we can adjust
the Co bar’s coercive field and susceptibility, leading to a huge enhancement in sensor sensitivity of over 2 orders of
magnitude. Micromagnetic simulations, coupled with magneto-transport equations and X-ray photoemission electron
measurements (XPEEM) with contrast from magnetic circular dichroism (XMCD), accurately capture this effect and provide
insights into the underlying physical mechanisms. These findings can potentially enhance the performance and versatility of
magnetic functional devices by using specifically designed structural magnetic materials.

magnetic flux concentrators, metamaterials, metasurfaces, micromagnetism, magnetic sensors

adjusted to improve the performance or add new function-
alities to emerging technologies that rely on magnetic devices.
Magnetic sensors that utilize magnetoresistive effects have
attracted significant attention due to their simple design, easy
integration, and relatively high sensitivity compared to
alternative methods.'"”'> Ongoing efforts target improved
sensitivity, focusing on increasing the magnetoresistance ratio
or reducing the saturation field."”'* One promising approach
involves boosting the magnetic field at the sensing point by
placing the sensor in the gap between two ferromagnetic
pieces. The original idea of achieving flux concentration using
soft magnetic materials shaped in specific ways was first
introduced in the design of electromagnets, where the

Controlling magnetic spin textures such as domain walls,
vortices, or skyrmions is crucial for advancing multiple
emerging technologies.”” In a broader context, understanding
and manipulating magnetic micro- and nanostructures
represents a rich and continuously growing area of research
due to their wide range of applications in data storage,
information processing, magnetic field sensing, biomedicine,
catalysis, etc.”® Key to the success of such devices is the
careful design of their magnetic stability and operational
efficiency. Achieving highly stable magnetic states typically
requires the use of large magnetic fields or currents for
operation. Alternatively, effective magnetic state manipulation
can be achieved by using different physical phenomena such as

electric fields,” laser pulses,” or strain’ as external stimuli, January 8, 2025
among many others. Moreover, extensive effort has been February 25, 2025
devoted to modulating the magnetic properties of low February 25, 2025

dimensional structures through material and shape engineer- March 6, 2025

ing.”'" In this way, important magnetic properties like
susceptibility, coercivity or remanent magnetization can be
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Figure 1. (a) Schematic illustration of a typical magnetic metasurface used for magnetic field concentration indicating the main geometrical
parameters and the applied magnetic field orientation. (b) False-color SEM image of an actual device with 10 petals, zero gap, R; = 10 pm, R;

=10 pm, and Ry, = 50 pm.

magnetic field in the gap could be enhanced by altering the
shape of the yoke acting as a flux concentrator."> While this
concept has been widely explored to enhance the sensitivity of
magnetic sensors,"* "' its full potential has not yet been
realized. Therefore, it is highly desirable to explore innovative
approaches that could control the response of magnetic
structures at low-applied fields for the development of high-
sensitivity, energy-efficient, and cost-effective magnetic sensors
and functional devices.'”"”

Metamaterials and metasurfaces, engineered materials
structured at subwavelength scale, have attracted increasing
attention due to their unprecedented capability to manipulate
electromagnetic, optical or thermal waves, * 7% thus opening
the door to new and unique functionalities.”' Most electro-
magnetic metamaterial designs are based on resonant elements
intended to operate at microwave frequencies and above.
However, the concept of metamaterials, particularly those
designed using magnetostatic transformation optics, has
significantly broadened the possibilities for manipulatin§ low-
frequency electromagnetic waves and static fields.””*’ The
solutions for low-frequency electromagnetic waves present
unique advantages compared to other regions of the
electromagnetic spectrum. First, in the static limit, magnetic
and electric fields decouple. This allows for comprehensive
control of magnetic fields by using nonresonant materials with
tunable values of magnetic permeability.”* In this regime, it is
possible to develop all-magnetic metamaterials that can
manipulate the magnetic field’s direction and intensity. This
is achieved via transformation optics involving a coordinate
transformation, which preserves the form of Maxwell’s
equations but affects the components of the permittivity and
permeability tensors. The fundamental ingredient needed to
achieve efficient guidance of magnetic field lines and negligible
external distortion of a uniformly applied field is a highly
anisotropic magnetic permeability tensor p. More precisely,
this condition can be fulfilled in an axially symmetric structure
by combining a radial (u,) and angular (uy) relative
permeability components fulfilling the relations p,uy = 1 and
M, > py. Recognizing that natural materials that satisfy these
conditions do not exist, scientists have proposed several
metamaterials constructed from alternating layers or wedges to
serve as approximations. These materials strategically combine
superconducting wedges to suppress the azimuthal perme-
ability and ferromagnetic wedges to enhance y, and thus tailor
their effective permeabilities to enable the desired electro-
magnetic behavior.”> Second, since the static case effectively
corresponds to an infinitely large wavelength, there are fewer

constraints on the dimensions of the metamaterial components
or the overall device. Anisotropic metamaterials consisting of
an array of superconducting plates have been implemented as
noninvasive shielding of weak magnetic fields.”* Later, hybrid
systems consisting of different arrangements of ferromagnetic
shells with alternated layers or wedges were shown to
cloak,**™* compress,””*" guide or couple®” magnetic fields.

Magnetic metamaterials able to concentrate static or low-
frequency magnetic fields have been modeled and exper-
imentally tested using three-dimensional, long cylindrical shells
made from concentric, radially aligned, equidistant alternating
wedges of soft ferromagnetic material. In these systems, the
magnetic field can be enhanced by a factor that depends on the
ratio of the outer/inner shell radii and the number of funnels.*’
Building on this design, recent advancements have shown the
potential of planar metasurfaces for magnetic flux concen-
tration. By combining the effects of metamaterial concentrators
and the demagnetizing fields in finite geometries, a significant
increase in magnetic field concentration can be achieved.
These structures utilize flower-shaped metasurfaces that
feature alternating ferromagnetic petals, analogous to the
long wedges used in three-dimensional metamaterials. This
innovation opens up new technological possibilities to improve
the performance of small magnetic sensors and develop
multifunctional magnetic devices™> >

In this research, we leverage the exceptional characteristics
of metamaterials to manipulate the magnetic behavior of a
small cobalt bar located at the center of a tailored magnetic flux
concentrator (MFC) based on planar metasurfaces in a flower-
shaped configuration. We show that it is feasible to control the
reversal of the Co bar magnetization by adjusting various
geometrical parameters such as shape, size, number of petals,
and thickness of the metasurfaces. Furthermore, we have found
that the sensitivity of bar-shaped sensors based on the
magnetoresistance Planar Hall Effect (PHE) can be greatly
improved by up to 2 orders of magnitude. Deeper insights into
the mechanism governing the magnetic flux concentration in
the metasurfaces are obtained by space-resolved imaging of the
magnetic domain structure via X-ray photoemission micros-
copy (XPEEM). The experimental findings are in agreement
with micromagnetic simulations that replicate both the
XPEEM and PHE outcomes.

RESULTS AND DISCUSSION

The magnetic metasurfaces under consideration comprise a
flower-shaped structure of Permalloy (Py) with thickness tp,
deposited on a Si substrate, as depicted in the schematic
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Table 1. Dimensions of Co Sensor Bars (Thickness, t.,, Width, w, and Length, L = 2 R;) and Py Metasurfaces (Inner Ratio, R,

Radii Ratio, r = R,/R;, Thickness, tp,, Gap d

gap.

figure tc, (nm) w (um) R; (um)
Figure 2e,g 50 S 10
Figure 3d—f 60 S 25
Figure 4a,b 60 S 25
Figure 4c,d 60 S 25
Figure 4e,f 60 S 25
Figure 6a,d 60 S 25
Figure 6b,e 60 S 25
Figure 6¢,f 60 S 25
Figure 7e 60 S 25
Figure 8d—g 60 0.3-5 1-25
Figure 9 S0 0.4 0.5

, and Number of Petals, Np) Used for Experimental Measurements

r = Ry/R, tp, (nm) dyyp (nm) N,

10 60 0 10
S 100—-300 30 10
1.5-10 60—160 30 10
S 100 30—-6000 10
2.5-10 115 30 2—40
1.5—-10 160 30 10
S 100 30—6000 10
S 115 30 2—40
S 100 30 16
3 100 30 10
3 60 0 10

representation of Figure 1(a). The fabrication process is
detailed in the Methods Section. The structures feature a
central core with a radius of R, surrounded by an evenly
spaced number of petals, N, with an external radius R, A
ferromagnetic Cobalt (Co) bar with a thickness f.,, width w,
and length L = 2R, is situated in a rectangular slot patterned
inside the core. The gap separating the bar from both sides of
the MFC is defined as dg,,. Designs with various dimensions
(R, Ry, toy N,) and dgp Values were fabricated (see Table 1).
All the measurements were performed with the magnetic field
applied in the plane and perpendicular to the long easy-axis
(EA) of the Co bar. A scanning electron microscopy (SEM)
image of a typical device is shown in Figure 1(b).

Magnetic Characterization. The magnetic responses of
both the Py flower-shaped metasurfaces and the inner Co bar
were imaged at room temperature by means of XPEEM using
X-ray Magnetic Circular Dichroism (XMCD) as a magnetic
contrast mechanism (see Figure 2(a) and Methods). Measure-
ments were conducted on the central region of a 10-petal
flower-shaped metasurface with inner and outer radii of R; = 10
p#m and Ry = 100 um, respectively, and an inner slot of width 4
pum. A Co bar 20 um long, and S ym wide was nanofabricated
and positioned at the slot’s center, slightly overlapping to
ensure no gap between them. The thickness of the Co bar, ¢,
= 50 nm, is slightly less than that of the Py MFC, tp, = 60 nm.
This difference in thickness permits the isolation of the 4 ym-
wide bar inside the gap from the overlapping Co, as evidenced
by pink lips in the surface topography image in Figure 2(b).
Images were also acquired on a reference isolated bar to
evaluate the effect of the MFC. Figure 2(c,d) show the
magnetic contrast XMCD images of the Py metasurface and
Co bar obtained at the Fe Lj-edge and Co L;-edge,
respectively. Interestingly, the Co nanowire formed by the
overlapping of the Co and the Py deposited patterns does not
show any significant XMCD signal. XMCD images were
acquired as a function of the externally applied in-plane
magnetic field perpendicular to the bar long axis for fields
ranging between 0 and 10 mT after magnetic saturation at
—100 mT. XMCD maps at selected external magnetic fields are
presented in Figure 2(e) for the isolated reference Co bar, the
bar inside the MFC, as well as the central core of the MFC.
These XMCD maps reveal an alternating contrast in the
isolated bar, suggesting the presence of multiple magnetic
domains. As the magnetic field increases from 0 to 10 mT, the
domains oriented along the applied field slowly grow, but the
bar remains unsaturated.

In contrast, the magnetic signal of the Co bar surrounded by
the MFC reverses abruptly from negative to positive saturation
at 2.5 mT, correlating with the preferential magnetization
direction observed in the Py MFC. This behavior is well
replicated in micromagnetic simulations, as demonstrated in
Figure 2(f). There is, however, a quantitative discrepancy of a
factor two in the magnetic field at which the magnetization
switching occurs. This can be attributed to the size differences
between the experimental sample and the simulated one,
implying different demagnetization fields (see Tables 1 and 2).
The above observations naturally suggest that the effective
coercive field and susceptibility of the Co bar can be tailored
by modifying the geometry of the used metasurface. This point
will be examined in detail in the following section. It should be
noted that there is a slight difference between the experimental
and simulated magnetic domain distributions. This difference
can be attributed to defects in the magnetic films induced by
the nanofabrication process. For instance, edge roughness or
point defects in the granular structure of the thin film can lead
to the emergence of additional pinning sites, resulting in
variations in the domain arrangement within the device.

A more insightful representation of the magnetization
switching process can be achieved by analyzing the average
contrast within a specific region (outlined by dashed contours
in Figure 2(c,d)) as a function of the applied magnetic field.
This analysis is presented in Figure 2(g) for XPEEM results
and Figure 2(h) for the micromagnetic simulation. The abrupt
reversal of magnetization in the Co bar surrounded by the
MFC (Bar + MFC) is prominently observed between 2 and 2.5
mT in the experimental data and between 6.25 and 7.5 mT in
the simulations. Both hysteresis curves exhibit qualitative
similarities, with the sharp magnetization reversal in the Co bar
occurring concurrently with the magnetization reversal of the
MFC central core. This is a key finding of this work,
demonstrating that the coercive field of the Co bar is fully
controlled by the MFC. In contrast, the reference isolated bar
displays a smooth linear change in magnetization, a behavior
typically associated with a ferromagnetic bar when subjected to
a magnetic field aligned with its (short) hard axis (HA).*® This
observation is consistent with the results obtained from the
Superconducting Quantum Interference Device (SQUID)
measurement on an array of identical Co bars, as depicted in
the inset of Figure 2(g).

Planar Hall Co Bar Magnetic Sensors. Concentrators
with various geometries have been designed to assess the
potential for tuning the magnetic response of Co bars. As
depicted in Figure 3(a), these concentrators feature a central
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Figure 2. (a) Schematic representation of the XPEEM experiment employing X-ray Magnetic Circular Dichroism (XMCD) for magnetic
contrast. (b) False-color SEM image of the experimental device. (c, d) XMCD contrast images utilizing Co L;-edge and Fe L;-edge
excitations to visualize the magnetization in the Co and Py structures, respectively. (e¢) Comparative analysis of magnetic contrast between
an isolated Co bar, a Co bar enclosed within the magnetic flux concentrator (MFC) and the MFC central core for increasing externally
applied magnetic fields oriented perpendicular to the bar. (f) Micromagnetic simulations of the experiments conducted in (e). (g, h) The
evolution of the average magnetic contrast as a function of the applied field is depicted for experimental (g) and simulated (h) data. This
includes the isolated Co bar (Co), the Co bar within the MFC (Co + MFC), and the MFC itself. Dashed lines outline the regions where
signal averaging is performed in panels (¢, d). The inset of panel (g) compares XMCD contrast and the SQUID signal obtained from an array

of Co bars with identical dimensions.

Co bar sensor connected to Au electrodes in a transverse
configuration to perform Planar Hall Effect (PHE) measure-
ments.

This configuration offers a high signal-to-noise ratio with
sensitivity to the direction of magnetization, making it a well-
suited technique for highlighting the influence of ma%netic
metasurfaces on the Co bar magnetization reversal.”’ An
insulating layer is deposited on top of the Py MFC before the
deposition of Co and Au structures to prevent current leakage.
It is important to note that the insulator enforces a minimal

distance between both ferromagnetic layers, further ensuring
no magnetic exchange interaction at the interface. As a
reference, identical isolated Co bars were also fabricated for
comparison. SEM images of the final devices are shown in
Figure 3(b,c). In our setup, a DC current is injected into the
Co bar via electrodes #1 and #2, and a transverse voltage signal
resulting from spin-dependent scattering phenomena is probed
between electrodes #3 and #4. The measured transverse
resistance depends on the angle ¢ between the directions of
magnetization and the charge current flow:
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Table 2. Dimensions of Co Sensor Bars (Thickness, t.,, Width, w, and Length, L = 2 R,) and Py Metasurfaces (Inner Ratio, R,
Radii Ratio, r = R,/R;, Thickness, tp,, Gap dgap, and Number of Petals, Np) Used for Simulations

fgure fco (nm) w (um) R, (um) r=Ry/R, ty (om) iy (o) N,
Figure 2fh 30 0.8 2 3 S0 0 10
Figure 3d,e 30 0.8 2 3 S0 30 10
Figure 6a,d 30 0.8 2 1.25—4 NU 3 10
Figure 6b,e 30 0.8 2 3 S0 20-200 10
Figure 6¢,f 30 0.8 2 3 NU 30 2-26
Figure 8e—f 60 0.1-2.5 0.2—-2 3 100 30 10
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Figure 3. (a) Schematic illustration of a magnetic metasurface indicating the contact geometry used for PHE measurements. Current is
injected from electrode #1 to #2 while transverse Hall voltage is measured using electrodes #3 and #4. Arrows show the current and
magnetic field direction. (b, c) False-color SEM images of a reference Co bar (b) and a Co bar inside a metasurface (c). (d) Experimental
variation of the normalized planar Hall resistance as a function of the applied magnetic field (bottom abscissa) obtained for a reference Co
bar (blue dots) and a bar placed inside a 10 petal metasurface of t = 100 nm (red dots). The arrow indicates the magnetic field sweep
direction. Dashed lines show the micromagnetic simulations plotted as a function of the reduced applied field (top abscissa). (e)
Magnification of the experimental curves shown in (d) with the values Sy, and S;,.,urc indicated. Closed and open points show up and down
magnetic field sweeps, respectively. (f) Field dependence of the planar Hall resistance measured for identical Co sensor bars placed inside
metasurfaces of different thicknesses. Red dots correspond to the experimental curve shown in (d, e).

angle ¢ = +45° with the applied current. In contrast, when the
(1) bar contains a multidomain structure with diamond or Landau-
pattern arrangements, the local magnetization direction may

1 .
Ry = zARsm 2¢)

where AR represents the difference in longitudinal resistance
between magnetization parallel and perpendicular to the
current flow. PHE measurements may exhibit two distinct
characteristic signals. In the simplest scenario, the magnet-
ization of the sensing bar resembles that of a Stoner—
Wohlfarth particle,38 displaying a single domain that rotates
based on the direction and magnitude of the external magnetic
field. In this case, the PHE signal, Ry, follows a typical
sinusoidal shape with a linear response at the low applied field
and two extrema when the magnetization direction forms an

10465

consistently remain parallel or perpendicular to the direction of
current flow, thus leading to minimal changes in the transversal
resistance. Consequently, high aspect ratio Co bars were
utilized to favor a single-domain configuration (see Tables 1
and 2).

Figure 3(d) illustrates the variation of the planar Hall
resistance as a function of the applied field for both an isolated
bar of tc, = 60 nm, w = $ ym, L = 50 ym (blue squares) and an
identical bar positioned within a metasurface featuring 10
petals with R; = 25 um, Ry = 125 yum, and tp, = 100 nm (red
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dots). Both curves exhibit the anticipated PHE behavior with a
linear dependence around zero magnetic field and maximum or
minimum values, attributed to an averaged magnetization
forming angles ¢ = + 45° with the current direction. It is
important to note that the metasurface induces a high field
concentration effect, leading to a significant enhancement of
the linear slope and a reduction in the peak-to-peak distance.
These effects show a substantial increase in the sensitivity of
the Co bar sensor, which we characterize through the Hall
resistance slope as S = 0Ry,)/0H,, being Sy,..mrc and Sy, the
sensitivity of the sensor within the metasurface and the
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reference one, respectively (see Figure 3(e)). Moreover, in
addition to the flux concentration effect, the presence of the
MEC leads to the opening of the hysteresis in the Co bar, as
illustrated in Figure 3(e), showing a zoom at a low applied
magnetic field of the planar Hall variation obtained with
positive (closed symbols) and negative (open symbols)
magnetic sweeps. This hysteresis would determine the sensor
operating point, H*, defined as the point where the Hall
resistance crosses zero.

Micromagnetic simulations were conducted to replicate the
PHE measurements, assuming a uniform current density
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Figure 5. Micromagnetic simulations showing the mechanisms governing the magnetic field concentration in a 10-petal metasurface Ry/R;
3.5. For the sake of clarity, only the left part of the device is shown (the right part being essentially a mirror version of domain distribution).
Top panels correspond to the magnetic domain distribution in an MFC without petals, serving as a reference and permitting us to
understand the mechanisms in action in the presence of petals (bottom panels). The magnitude of the applied field corresponds to the

projection along the x-axis.

distribution throughout the entire Co bar. Simulated curves are
represented by dashed lines in Figure 3(d), where the
normalized planar Hall resistance signal of a 30 nm thick, 4
pm long, and 800 nm wide Co bar, surrounded by a Py MFC
with Ry/R; = 3 (red dashed lines) is compared with an isolated
one (blue dashed lines). Despite differences in dimensions, the
simulated behavior of the Co bar closely reproduces the
experimental variation trends. A qualitative comparison is
facilitated by introducing a reduced magnetic field, h,
calculated as the Co bar’s ratio between Zeeman and shape
anisotropy energy

M, L
Ho H, = e H,
2K Mt (L —w) (2)

u

h =

where K, = %ﬂOMSZ (Nga — Ngy) is the shape anisotropy
energy, Ny, and Ng, are the hard axis and easy axis
demagnetization factors calculated based on the projected
surface areas,” M is the saturation magnetization, and tc,, L =
2R, and w are the thickness, length and width of the Co bar,
respectively. The slight differences observed between the
experimental and simulated curves could be attributed to the
presence of pinning centers leading to an abrupt change in
signal, a misalignment of the applied field, a difference between
experimental and simulated electrode position, or a depend-
ence on the permalloy properties and quality (via the Brown

paradox®’). These factors cannot be straightforwardly
addressed by considering a reduced applied field based on
the shape anisotropy. However, it is worth noting that, first,
both the experiment and simulation exhibit the same trend
regarding the Hall resistance hysteresis and slope. Second, the
differences observed suggest the possibility of controlling the
sensor operating point, H*, and/or the variation rate of the
sensitivity, Sp.mrc/Spay Dy tuning the MFC geometry. For
instance, an increase in the thickness of the MFC results in an
increase of the demagnetization factor of the MFC, leading to a
substantial increase in H¥, as depicted in Figure 3(f). This
figure provides a close-up view around zero field of the
experimental curve obtained for the bar inside the MFC shown
in Figure 3(d), compared with two other bars surrounded by
metasurfaces of identical dimensions but different thicknesses.
It is noteworthy that the absence of direct proportionality
between H* and the thickness of the MFC (as anticipated
from shape anisotropy) is due to the abrupt increase of
coercive field of Py thin films with thickness larger than 120
nm as shown in Supporting Information (Figure S1),
attributed to the tendency of Py to develop a stripe-like
magnetic texture for thicknesses above 100—200 nm."'
Tuning the Performance of Co Bar Magnetic Sensors.
In the following, we assess the impact of various geometric
parameters of the magnetic metasurfaces on both the
sensitivity and operating point of the sensing bars. Figure
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4(a,c,e) show the normalized Hall resistance plotted against
the applied field for a series of devices with a constant inner
radius R; = 25 pm and radius ratio r = Ry/R;, gap distance d,,,
and number of petals, N,, respectively (see Table 1 for
dimensions). Curves are vertically shifted for clarity. Figure
4(b,d,f) show the variation of bar sensor sensitivity, Sp,..mec/
Spay obtained for Co bars placed inside the different
metasurfaces where clear trends with their geometry are
observed, as will be discussed in the following. Note that a
dramatic enhancement in Sy, mpc/Spar by more than 2 orders
of magnitude may be obtained, evidencing the large magnetic
field concentration effect that can be achieved by combining
the metamaterial with the thin film demagnetizing effect.’® The
mechanism governing the magnetic flux concentration within
the metasurfaces is illustrated in Figure S. Initially, the system
is fully saturated with a large magnetic field in magnitude
directed toward the left. Subsequent reduction of the applied
field intensity causes the shape anisotropy of the petals to
compel domain alignment along the petals’ EA, thereby
influencing the orientation of magnetic domains in the central
core, which remain firmly pinned in the direction of the
applied field. For comparison, the distribution of magnetic
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domains in an isolated core is also presented (top panels). As
the applied magnetic field varies, vortices nucleate at the
extremities of the petals (where the aspect ratio is lowest) and
propagate toward the apex of the petals and the central core,
which predominantly maintains its magnetization in the
direction opposite to the applied field. Further increasing the
applied field will induce magnetic reversal in the petals,
triggering a reversal process in the core, resulting in an
amplified concentrated stray field within the metasurface gap.

Figure 6 shows the trends of the sensitivity enhancement
and sensor operating field as a function of the different
metasurface parameters analyzed (Ry/R; dg, N,) obtained
from both experimental measurements and micromagnetic
simulations. For a qualitative comparison between experimen-
tal data and simulations we plot (Spar.mrc/Spar) X (Ri/R,) in
Figure 6(b,c) and the reduced operating magnetic field, h*, in
Figure 6(d—f). Figure 6(a,d) shows the evolution of Sy,.,nrc/
Spar and h* with r = Ry/R;. A linear trend of the sensitivity
enhancement is evident in both the experimental device (filled
blue dots) and the modeled ones (empty red dots) consistent
with flower-shaped metasurface responses reported in the
literature.”” In the case of h*, the primary trend indicates that
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the presence of petals results in a higher switching field by
anchoring the magnetic domains at different locations in the
core.

Additionally, a linear increase in the switching field with the
length of the petals is observed for lower values of r until it
tends to saturate for larger radii ratios. This behavior is
attributed to the interplay between the petals and the central
core of the device. In the case of small petals, the core
dominates the switching field, leading to a low coercive field
due to the absence of a preferential in-plane (IP) magnet-
ization axis. In this regime where R, ~ R, the magnetic
domains in the petals impose little constraint on the core,
which tends to relax into a vortex state due to the low IP shape
anisotropy (the petal is as wide as it is long), limiting their
impact on the domain distribution in the core. As the outer
radius R increases, both the length of the petals and the outer
width (far from the core) increase, while the inner width
remains constant. Consequently, magnetic domains have more
freedom to rearrange at the extremity of the petals to reduce
the magnetostatic energy as the external field varies without
compelling the rotation of the domains near the core, thus
delaying the magnetic switching. However, the local relaxation
starting from the petal’s outer extremity becomes unstable for
large petals. It leads to a sudden magnetization reversal

(buckling domains) of the petal, with the propagation of the
domain walls occurring in a narrow range of magnetic fields,
triggering the switch of the central core and then the Co
sensor. This is better elucidated through micromagnetic
simulations (Supporting Information, Figure S2), showing
that magnetic reversal occurs simultaneously in the petals and
the core in long-petals devices. In contrast, it occurs first in the
central core for short petals. It is worth noting that a different
y-axis scale has been used for simulated and experimental
results, for which the difference is attributed to Brown’s
paradox as explained above. Figure 6(be) present the
dependence with the gap separating the edges of the Py
MEFC and the sensing Co bar. Results show a decrease in
sensitivity enhancement with an increasing gap, which can be
attributed to the reduction of the dipolar field intensity with
distance. Regarding the switching field, no significant variation
is observed, confirming the hypothesis that the Co sensor does
not influence the domain switching inside the Py metasurface.
Finally, Figure 6(cf) depict the effect of the number of
metasurface petals. The optimal concentration effect is
obtained for the thin film flower-shaped metasurface with a
petal angle equal to the gap between adjacent petals.”” So, an
increase in the number of petals goes hand in hand with a
reduction of the petal’s width, leading to an increase of the
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shape anisotropy energy of the petals parallel to the applied
field (those which contribute the most) and then a higher
switching field of the device, as presented in Figure 6(f). Figure
6(c) presents an intriguing observation indicating that the
sensor sensitivity enhancement exhibits a peak, the position of
which depends on the dimensions of the MFC (see also Figure
4(f)). This phenomenon is ascribed to the interplay between
two factors that alter the petals’ width. On the one hand, the
effective permeability of an individual petal increases with its
aspect ratio. Thus, a greater value of N, results in a more
sudden (i.e, occurring on a smaller range of applied field)
propagation of domain walls from the petal extremity (where
they nucleate) toward the petal’s apex and the core, forcing the
magnetic switch of the latter. Consequently, an increase of the
sensitivity with N, is observed, in agreement with theoretical
predictions,” albeit the mechanism may not be entirely
analogous (see Supporting Information, Figure S3). On the
other hand, narrower petals exert a diminished influence on the
central core, meaning that the magnetic switching of a single
petal is insufficient to fully reverse the magnetization in the
core. This insight, combined with the fact that the switching
field of each petal depends on the orientation of its EA relative
to the applied field direction, implies that the core undergoes a
smoother, step-by-step magnetic reversal process. Instead of
the abrupt switch triggered by the reversal of a single wide
dominant petal (aligned with the applied field), the Py core
experiences a gradual penetration of domain walls, leading to a
more gradual switching process and, consequently, a reduction
in sensitivity (this effect is illustrated in the Supporting
Information based on micromagnetic simulations). Addition-
ally, as it is directly related to the aspect ratio of the petals, the
optimal value of the sensitivity enhancement is expected to
vary with the device geometry. Specifically, longer petals have a
greater impact on the core, leading to an efficiency peak for a
larger number of petals in devices with a greater ratio Ry/R;.
Similarly, devices composed of shorter petals should be less
affected by the number of petals.

Substructured Metasurfaces. We have demonstrated
that the metasurface geometrical parameters (thickness, radii,
petals, gap) can be adjusted to tune both the sensitivity and
operating point of magnetoresistance sensors. The ability to
control the effective coercive field, H*, of magnetic structures
holds significant promise for applications based on magnet-
ization reversal processes, which can be obtained at extremely
small magnetic fields, H < H*. However, for the particular case
of magnetic sensors, this means that the sensor must be
magnetically biased to this operating point, which may be
regarded as an impractical aspect of the device. A possible way
to bring the operating point closer to zero field would be to use
even softer ferromagnetic materials or superparamagnetic
nanostructures. An appealing and elegant alternative solution
consists of tuning the magnetic response of the petals by
substructuring them so that the direction of easy magnetization
of each substructure is perpendicular to the direction of the
magnetic flux lines.

Figure 7(a,b) illustrate a schematic representation and SEM
image, respectively, of a metasurface featuring substructured
petals that are transversely segmented into small pieces. A
magnetic insulating spacer has been introduced between the
slightly overlapping pieces to optimize the concentration effect
and prevent magnetic coupling between substructures, as
illustrated in Figure 7(c,d). Figure 7(e) shows the variation of
the planar Hall resistance measured for a Co sensor bar located

inside the metasurface made of segmented petals, compared
with the data obtained for a metasurface with nonpatterned
petals and a reference sensor. It can be observed that the
metasurface with segmented petals strongly concentrates the
magnetic field, inducing an enhancement of the sensor
sensitivity with an operating point at zero applied field and a
reversible slope. However, it should be noted that the
sensitivity of the bar for this particular metasurface geometry
is reduced from (Sp,mpc/Sbar) = SO to 15 with the patterning.
There is room for optimizing this value by tuning the
metasurface’s geometrical parameters and patterning of petals
through tuning the dimensions of the substructures and the
nonmagnetic spacer.

Miniaturization of Metasurfaces for On-Chip Appli-
cations. Let us now evaluate the scalability of metasurfaces
down to the mesoscopic scale. Our goal is to identify the limits
of the miniaturization of metamaterial structures and to
evaluate their performance as the size of the petals approaches
the scale of magnetic domains. Figure 8(a)b) present SEM
images of a 500 nm wide reference Co rod sensor and a rod
sensor integrated within a metasurface of external radius, R, =
3 um and internal radius, R; = 1 um. The variation of the
planar Hall resistance as a function of the applied magnetic
field has been investigated for a series of devices with
progressively scaled down dimensions (the ratio between
relevant geometrical parameters of each device is maintained
constant, except for the gap d,, and the thicknesses ¢, and
tpy). Results obtained from micromagnetic simulations and
experimental measurements are reported in Figure 8(c,d),
respectively, comparing the isolated reference Co rod (open
symbols) and the Co rod within a metasurface (closed
symbols). More details on the dimensions of the devices are
provided in Tables 1 and 2.

Figure 8(e) shows that the linear magnetic range for the
isolated rod expands as the rod width is reduced, which is
attributed to the increased demagnetization factor for the
configuration used in the present experiment. Numerical
simulations quantitatively confirm this trend. When consider-
ing the impact of the Py MFC, a decrease in the concentration
gain, Sp,..mrc/Spar and an increase in the coercive field of the
Co rod are observed as the device is scaled down, with a
consistent trend in both micromagnetic simulations and
experiments. This result is due to the fact that a smaller
MEC corresponds to less magnetic material and, consequently,
a lower variation of the bar sensor sensitivity. Similarly, the
saturation of Sy, yrc/Spe for larger devices is explained by the
rapid decrease in magnetic dipolar interactions with distance,
implying that the additional ferromagnetic material has less
impact on larger devices. Other parameters controlling the
sensor sensitivity, highlighted in the previous section, such as
the gap, the number of petals, and the radii ratio, are kept
constant. The quantitative discrepancy between simulations
and experiments for the Sy,.mpc/Spar values presented in
Figure 8(f), is attributed to a larger gap in the experimental
devices. Specifically, lithography accuracy, possible oxidation of
both Co and Py, and the presence of magnetic dead layers
result in an actual gap larger than the targeted value of 30 nm.
Indeed, as shown in Figure 6(b), the variation of the bar
sensitivity is highly dependent to the size of the gap,
particularly for very small gaps.

To elucidate the behavior of the metasurface as its petals
approach the size of the magnetic domains, we present in
Figure 9(a) magnetic contrast XMCD images of a mesoscopic
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Figure 9. (a) Analysis of the magnetic contrast of a Co bar of width w = 400 nm and length 6 ym, enclosed within a metasurface of R, = 1.5
pm and R; = 500 nm for increasing externally applied magnetic fields oriented perpendicular to the bar. Dashed lines indicate the position of
the metasurface. (b) False-color SEM image of the central part of the Co bar inserted within the metasurface. (c) Evolution of the average
magnetic contrast as a function of the applied field obtained for the Co rod at different regions outside (left and right) and inside of the MFC

(center), as well as for the MFC core and petals.

Py metasurface with t = 60 nm, R, = 1.5 ym, R; = 500 nm, and
a 400 nm wide, 6 um long Co rod located within the
metasurface. Figure 9(b) shows a SEM image of the device.
The magnetic images were acquired while varying the
externally applied in-plane magnetic field perpendicular to
the EA of the Co bar, for fields ranging from 0 to 30 mT after
magnetic saturation at —100 mT. One can clearly see that, due
to the magnetic field concentration within the metasurface, the
magnetic domains in the Co bar can be completely reversed
within this region, while the region of the Co bar lying outside
the concentrator remains unsaturated. Figure 9(c) displays the
average contrast of the magnetization of the Co bar both inside
and outside the metasurface as a function of the applied
magnetic field and for the MFC core and petals. As highlighted
in the case of larger metasurfaces, the abrupt reversal of the
magnetization in the Co bar located within the MFC occurs
simultaneously with the magnetization reversal of the MFC
central core. As experimentally observed in Figure 9(a), the
magnetization of each petal is progressively subject to a sudden
reversal as the applied field increases, depending on the
orientation of their EA, except for petals with an EA
perpendicular to the applied field where a multidomain
structure is formed. The full magnetization reversal of the
FM core of the metasurface is in turn triggered by the switch of
the last petal. An important variation in the Hall resistance
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slope is obtained Sy, .mrc/Spar = 32, clearly indicating that the
effect of the concentration of the metasurfaces is preserved
even when the dimensions are significantly reduced.

CONCLUSIONS

In conclusion, this work presents a pioneering method for
integrating on-chip magnetic metasurfaces into magneto-
resistance sensing devices, resulting in improved performance.
Our experimental and theoretical results demonstrate that by
appropriately selecting the metasurface geometrical parame-
ters, we can tune the response of magnetoresistance Co bar
sensors to obtain precise control of the coercive field and
susceptibility. One significant technical advancement achieved
is the substantial increase in magnetoresistance sensor
sensitivity by over 2 orders of magnitude. This improvement
can be further optimized by adjusting the metasurface’s size, as
there is a direct correlation between the enhancement of
sensitivity and the increase in the metasurface radii ratio.
Moreover, we show that patterning the metasurface petals may
provide a new “knob” for controlling the properties of the
metasurface. The scalability of the device has been validated by
analyzing the performance of the metasurfaces as they
approach the size of magnetic domains. These results highlight
the potential of magnetic metasurfaces, which may be exploited
to improve the performance of magnetic sensors or add new
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functionalities to other magnetic devices. In particular, they
offer the possibility to control the coercive field and saturation
of magnetic structures at the very local scale without changing
their magnetic anisotropy. This opens up new opportunities for
integrating metasurfaces into functional spintronic devices or
improving the efficiency of small-scale magnetic energy
harvesting materials. Moreover, a concrete application
consisting of saturating small-volume magnetic micro- and
nanostructures by applying extremely low magnetic fields may
benefit magnetic characterization tools using high-resolution
techniques unable to cope with large magnetic fields.**

METHODS

Experimental Section. Py flower-shaped Permalloy (Py)
metasurfaces and Cobalt (Co) bars were fabricated by sputtering
on Si substrates, using photolithography or Electron Beam
Lithography (EBL) and lift-off. For the Planar Hall experiments, the
Py structures were covered by a 30 nm-thick Al,O; layer grown by
Atomic Layer Deposition before the growth of Co bars, and 50 nm-
thick Au contacts were patterned on top by sputtering and lift-off. Py
structures of different dimensions; internal ratio (R;), external ratio
(Ry), thickness (tp,), number of petals (N,), and gap (d,,,) were
fabricated. A Co bar of length 2R, width w, and thickness tc, was
placed inside the metasurface. Reference isolated Co bars were grown
for comparison. Table 1 summarizes the dimensions of all the samples
analyzed.

For the Planar Hall measurements (see Figure 3(a)), a constant
current of I = 10 mA was injected along the EA from electrode #1 to
#2, while the resulting transverse voltage change was monitored
through electrodes #3 and #4. The measurement is repeated with
various external magnetic fields applied in the plane of the structure
and perpendicular to the current flow direction. The variation of the
planar Hall resistance was calculated from the Hall voltage,
subtracting the offset coming from the longitudinal contribution
and normalizing the peaks at 1. Saturation magnetization values of
750 kA/m and 1120 kA/m were determined for Py and Co,
respectively, through magnetization hysteresis loop measurements.

For specific samples, magnetic domains were visualized using X-ray
photoemission electron microscopy (XPEEM) at the UE49PGMa/
SPEEM beamline at the BESSY II electron storage ring OR (lab)
operated by the Helmholtz-Zentrum Berlin fiir Materialien und
Energie. Magnetic contrast was obtained from X-ray magnetic circular
dichroism (XMCD) measurements performed at the Co and Fe L;-
edges.

Modeling. Micromagnetic simulations were performed using the
open-source software Mumax’,* a finite difference method to
simulate the time- and space-dependent magnetization evolution by
solving the Landau—Lifshitz—Gilbert (LLG) equation for the
magnetic moments under the effect of an effective field including
the exchange, the Zeeman and the dipolar contributions.*** The
material parameters used were the exchange constant, A, = 13 pJ/m,
and saturation magnetization M, = 860 kA/m, for Py, and A,, = 10 pJ/
m and M, = 1400 kA/m for Co. The discretization cell size is set to 10
nm for each direction. To reduce computation time, the dimensions
of the simulated structures have been scaled down compared to the
experimental devices, while selecting carefully both the aspect ratio
(to limit the difference of demagnetization factor between experiment
and simulation) and the sample thickness to have the same kind of
domain walls.*® Table 2 summarizes the dimensions of all the samples
used for simulation. Additionally, to prevent unrealistic results
induced by a numeric perfect symmetry of the device, a random
uniform deviation of a maximum of 2% in the direction of the applied
field was considered.
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