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ABSTRACT

We present a method for the additive fabrication of planar magnetic nanoarrays with minimal surface roughness. Synthesis is accomplished
by combining electron-beam lithography, used to generate nanometric patterned masks, with ion implantation in thin films. By implanting
56Feþ ions, we are able to introduce magnetic functionality in a controlled manner into continuous Pd thin films, achieving 3D spatial resolu-
tion down to a few tens of nanometers. Our results demonstrate the application of this technique in fabricating square artificial spin ice latti-
ces, which exhibit well-defined magnetization textures and interactions among the patterned magnetic elements.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0239106

Magnetic nanoarrays—metamaterials—have gained significant
attention in recent years, both as systems of fundamental interest,1–5

as promising candidates for applications in neuromorphic comput-
ing,6–8 as well as in magnonic and spintronic devices.9–11 The scalabil-
ity and versatility of these systems have opened pathways for exploring
emergent physics1,3 and expanding their potential applications.
However, the topography of these magnetic nanoarrays, resulting from
the nanopatterning process, can present significant challenges. A nota-
ble example is the observed strong structure-related photon scattering,
which can obscure scattering resulting from magnetic ordering in the
arrays.12 Given that the photon scattering properties of these systems
could play a crucial role in information technology applications,13 or
in x-ray metasurfaces for manipulating photon angular and orbital
momentum,12 it is essential to explore methods for developing truly
planar arrays that maintain flexibility in material selection and precise
spatial control. An additional motivation for investigating such
processing stems from recent advances suggesting that magnetic
metamaterials hold significant potential as physical substrates for
computation.8,14 The possibility of integrating these materials with
CMOS technology or magnetic random-access memory (MRAM)
architectures highlights the need for expanding available fabrication
methods.15

To this end, ion-beam techniques offer a promising pathway.
Previously, focused ion beam (FIB) was used for creating magnetic

arrays. FIB is a commonly used technique, where a focused beam of
ions is directed toward a target and raster-scanned over it to create a
pattern. FIB can be used with various processing techniques, such as
FIB milling or implantation. FIB milling uses ions to sputter material
generating patterns of pillars. The topography of the patterns can be
reduced by performing FIB implantation.16 However, the ion species
available for FIB instruments are limited, while the serial nature of FIB
makes it difficult to achieve large-scale patterns.17 Another approach
to creating flat magnetic metamaterials involves ion-implantation
through a physical mask. Since the pioneering work of Chappert
et al.,18 magnetic patterns have been engineered by locally altering the
magnetic properties of a film via ion-implantation.16,19–22 However, it
was not until recently that magnetic features were additively
implanted.23 Employing commercial masks, such as TEM grids, flat
magnetic patterns were created, although the feasible designs remain
constrained by the limitations of the available mask configurations.

In this work, we fabricate a patterned mask on top of a film
through which magnetic patterns can be created using ion-
implantation. We achieve this, combining the pattern design flexibility
of modern nanolithography techniques with standard ion-
implantation methods. Here, the mask is the result of a serial-
patterning in order to demonstrate the feasibility of the process.
However, a parallel fabrication of the mask can be achieved by using
extreme-ultraviolet lithography. In the present work, 56Feþ ions are
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implanted into a Pd film through a Cr patterned mask, yielding flat
ferromagnetic FexPd100�x (where x stands for at. %) nanostructures
embedded into the Pd matrix. The patterned mask enables the design
of architectures with geometries and shapes that cannot be achieved
with commercial masks such as TEM grids, while the dimensions of
the building blocks can be reduced to the scale of a few tens of nano-
meters. The specific magnetic metamaterial architecture of choice is an
artificial spin ice (ASI) lattice due to the wide interest it has attracted
and the potential to be implemented in applications.1,3,5,8,12,13,24

A 600 Å Pd film with a 50 Å V film adhesion layer was deposited
on a MgO substrate using DC magnetron sputtering. Subsequently,
60 Å Cr were deposited on top of the Pd film by thermal evaporation,
to act as a protection layer during the Feþ implantation [Fig. 1(a)]. A
patterned Cr mask was prepared on top of the film by means of
electron-beam lithography (EBL). More details are presented in the
supplementary material. The patterned mask consists of stadium-
shaped holes with a length of 290 nm, width of 80 nm, and depth of
60 nm placed in a square ASI lattice with periodicity 480 nm
[Fig. 1(b)]. Scanning electron microscope (SEM) and energy dispersive
spectroscopy (EDS) images of the film with the patterned mask on top
are shown in Figs. 1(e) and 1(f) and 1(g), confirming a well-formed
mask structure.

The pattern defined in the Cr mask was transferred to the Pd film
by 56Feþ implantation, with an energy of 30 keV and nominal fluence
of 4� 1016 ions/cm2 [Fig. 1(c)]. The selected fluence is low enough to
ensure that the sample is not heated significantly, thereby hindering
diffusion of the implanted Fe in the Pd film. This step was followed by
the chemical removal of the Cr material [Fig. 1(d)]. The details can be
found in the supplementary material. Figure 2(a) shows a SEM image
of the implanted pattern, where FexPd100�x stadium-shaped structures

of length 300 nm and width 100 nm have been created in the Pd film.
The final dimensions of the implanted nanostructures are slightly
larger than the corresponding holes of the mask due to lateral strag-
gling as Feþ ions penetrate the Pd film. The surface topography of the
sample was mapped performing atomic force microscopy (AFM) in
the contact mode. The AFM image in Fig. 2(b) shows that the
implanted nanostructures have low surface roughness. Factors that
contribute to the roughness are the sputtered Cr atoms during implan-
tation and the implanted Fe atoms in the Pd film. By extracting height
profiles across a nanostructure from the AFM images [Fig. 2(c)], we
conclude that the roughness is on the order of 4–5nm. Cross-sectional
transmission electron microscopy (TEM) EDS analysis was performed
on the implanted patterns, as shown in Fig. 3(a). The TEM image con-
firms the low surface roughness of the implanted regions. The EDS
spectrum displays a signal for Fe with a width of 300 nm along the
long axis of the implanted elements, detected in the Pd film. This
observation confirms Fe implantation according to the patterned mask
design. The intensity of the Fe signal is strong close to the sample sur-
face and decreases toward the substrate, indicating that Fe has a con-
centration depth-profile, as expected.25 This concentration-depth
profile confirms the limited diffusion of Fe into the Pd film.
Furthermore, some Cr is detected in the Fe implanted areas, highlight-
ing that some Cr atoms have been implanted from the capping layer
due to knock-on collisions as a side effect of the implantation process.
To determine the Fe depth-profile of the sample, ion beam analysis
(IBA) in the form of time-of-flight elastic recoil detection analysis
(ToF—ERDA),26 was performed on a continuous film that was pre-
pared and implanted next to the masked sample. This measurement
confirmed that Fe has indeed a concentration profile in the Pd film,

FIG. 1. (a)–(d) Fabrication process of implanted nanostructures: (a) deposition of
Pd film on a MgO substrate with V as adhesion layer and Cr as capping layer, (b)
fabrication of the patterned Cr mask on top of the film, (c) Feþ implantation through
the patterned mask, and (d) chemical removal of the Cr material. (e) SEM and [(f)
and (g)] EDS images of the Pd film with the patterned Cr mask on top.

FIG. 2. (a) SEM and (b) AFM image of the implanted ASI lattice. (c) The height pro-
file of a nanostructure extracted from the AFM image. The dashed line in (b) shows
where the profile is extracted from.
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with its peak close to the sample surface and at 18.4% atomic concen-
tration for the selected fluence [Fig. 3(b)].

The magnetic properties of the implanted films were studied
using the longitudinal magneto-optical Kerr effect (LMOKE).
Magnetic hysteresis loops were recorded at room temperature for an
implanted continuous film and ASI array and are shown in Fig. 4(a).
For the implanted ASI structure, the external magnetic field was
applied in two directions, parallel to the [01] and parallel to the [11]
directions [see inset Fig. 4(a)]. The hysteresis loop of the continuous
film shows a reduced remanence. This reduced remanence might be a
consequence of Cr implantation and possible antiferromagnetic contri-
bution due to that.27 Similar effects have been reported for NiFe alloys
implanted with Crþ.28,29 For the implanted ASI structure, the rema-
nent magnetization is altered depending on the direction of the field
applied to saturate the array. When the array reaches the saturation
state, the magnetic moments are aligned in the field direction [see
Fig. 4(b) left]. After the removal of the field (remanent state), the shape
of the elements forces the magnetization to be parallel with the long
axis of the elements, confining it in only two possible orientations.

This restriction leads to a fully ordered remanent state after applying a
magnetic field along the [11] direction [Fig. 4(b) top right], yielding
ideally a normalized remanent magnetization, with respect to the satu-
ration magnetization, equal to

ffiffiffi

2
p

=2 � 0:707. Similarly, a return to
the remanent state after the application of a field along the [01] direc-
tion leads to a full order for the elements parallel to [01] direction and
a random order for the elements parallel to [10] direction [Fig. 4(b)
bottom right], yielding a normalized remanent magnetization equal to
0.5. This hysteretic behavior of the patterned array highlights the single
magnetic domain structure of the implanted nanoelements.
Conventional lithographic ASI lattices exhibited comparable
behavior.30,31

To directly illustrate the magnetic state of the implanted nano-
structures, photoemission electron microscopy, employing x-ray mag-
netic circular dichroism (PEEM-XMCD) experiments, was performed
at the ESM (21-ID-2) beamline at the NSLS-II synchrotron and at the
CIRCE (bl24) beamline at the ALBA synchrotron.32 The PEEM-
XMCD imaging was performed at room temperature in the absence of
any external magnetic field, with a photon energy tuned to the Fe L3-
edge (707 eV). A representative PEEM-XMCD image of an implanted
ASI lattice is shown in Fig. 4(c). The nanostructures are clearly dis-
played with white or black color, confirming their single magnetic
domain state. Furthermore, the observed magnetic contrast confirms

FIG. 3. (a) Cross-sectional TEM image and the corresponding EDS chemical map-
ping for Cr, Fe, Pd, V, O, and Mg on the implanted pattern. A Pt layer has been
deposited at the site of interest as the protective layer for the TEM lamella prepara-
tion. All panels have the same magnification. The scale bar is shown in TEM image.
(b) The Fe profile extracted from ToF-ERDA measurements on a continuous film
that was prepared and implanted next to the patterned film. Due to the nature of
this technique, the depth is measured in atoms/cm2. Subsequently, the depth is con-
verted to nanometers using the bulk density approximation. For Pd featuring bulk
density, 1015 atoms/cm2 correspond to 1.47 Å. The extent of the Pd layer, V layer,
and MgO substrate is added as background shading in the graph.

FIG. 4. (a) Magnetic hysteresis loop of the continuous (cont. film) and the patterned
film ([01] and [11]), measured at room temperature by LMOKE setup. [01] and [11]
indicate the direction of the applied magnetic field in respect to the lattice. The [01]
and [11] directions are shown in the inset of the plot. (b) Saturation (left) and rema-
nent (right) state of ASI lattice when the field is applied parallel to the [11] (top) and
[01] (bottom) direction. (c) A representative PEEM-XMCD image of implanted ASI
lattice. (d) A schematic of the ASI lattice showing type I ordering. The arrows repre-
sent the direction of magnetization. The building blocks are white or black according
to magnetic contrast obtained in a PEEM-XMCD experiment.
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that the ASI lattice has obtained antiferromagnetic order (type I), being
the ground state of the square ASI lattice.33 This order establishes the
presence of sufficiently strong magnetic interactions between the
implanted nanostructures for the formation of long-range ordered
domains. The formation of these extended domains hints also toward
an effective thermalization and relaxation process taking place during
implantation, similar to temperature protocols that have been reported
previously.34,35

The magnetic metamaterial fabrication process detailed here
results in flat nanoarrays, which can be especially beneficial for mag-
netically controlled flat optical devices.12,36 This approach has the
potential to enhance the steering of light beams by means of diffraction
angles and energy range, offering a significant improvement over
methods that rely on magnetic domain structures in yttrium-iron gar-
nets36 or rare-earth transition metal alloys.37 An additional advantage
of this technique is the flexibility it provides in selecting the combina-
tion of implanted ion species and target materials. This flexibility ena-
bles the creation of material combinations that are not favored in
terms of thermodynamical stability, thereby expanding the range of
possible materials for use in these applications. Moreover, the target
material plays a crucial role in determining the overall magnetic prop-
erties of the metamaterials. In this work, palladium was chosen for its
high magnetic susceptibility.38,39 As a consequence, palladium obtains
a strong induced magnetic moment from iron and exhibits ferromag-
netic properties in a region that can extend several nanometers from
the Fe interface.39 This induced polarization effectively “smoothens”
the edges of the magnetic implanted nanostructures. Finally, this mag-
netic polarization effect enables interactions between the magnetic ele-
ments that can be tailored in ways that go beyond the capabilities of
previous approaches, which were limited by nanolithography and geo-
metric constraints.40–42 Another possible area that can benefit from
this technique is magnonic circuits. A flat ferromagnetic architecture
in a non-ferromagnetic matrix can be an ideal candidate for fabricating
magnonic busses. The lack of height step between the ferromagnetic
and non-ferromagnetic parts could facilitate the patterning of the
antennas needed in the magnonic circuits.43

See the supplementary material for a detailed description of the
fabrication process of the Cr patterned mask and further details on
ToF—ERDAmeasurements and the MOKE system.
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