Small Structures

| RESEARCH ARTICLE CEEEED

small

structures

www.small-structures.com

Pyrochlore Artificial Spin Ice: Advances in Fabrication
and Characterization of a 3D Magnetic Metamaterial

Luca Berchialla"* | Arjen van den Berg’ | Gavin M. Macauley"” | Evangelos Golias* | Yuran Niu* | Tianyue Wang"* |

Armin Kleibert’ © | Sam Ladak’ | Laura J. Heyderman'?

1Laboratory for Mesoscopic Systems, Department of Materials, ETH Zurich, Zurich, Switzerland | 2pSI Center for Neutron and Muon Sciences, Villigen PSI,
Switzerland | *School of Physics and Astronomy, Cardiff University, Cardiff, UK | “MAX IV Laboratory, Lund University, Lund, Sweden | >PSI Center for

Photon Science, Villigen PSI, Switzerland

Correspondence: Luca Berchialla (1.berchialla@gmail.com) | Arjen van den Berg (vandenberga@cardiff.ac.uk) |
Gavin M. Macauley (gm3291@princeton.edu) | Laura J. Heyderman (laura.heyderman@psi.ch)

Received: 26 February 2026 | Revised: 14 July 2026 | Accepted: 10 August 2026

Keywords: 3D artificial spin ice | magnetic force microscopy | magnetic metamaterials | photoemission electron microscopy | two-photon lithography

ABSTRACT

Artificial spin ices are magnetic metamaterials consisting of arrays of magnetically coupled nanoscale magnets arranged in various

geometries. They display a variety of fascinating phenomena including emergent magnetic monopoles, phase transitions and

frustration. While the nanomagnets are often arranged in planar arrays, the development of artificial spin ices in three dimensions

would allow the exploration of new fundamental phenomena. 3D artificial spin ices are also of interest for neuromorphic computing
because of the rich magnetic state space, enhanced connectivity, and increased areal density. Here, a 3D artificial spin ice based on the
pyrochlore lattice found in a spin ice crystal is presented. In this Pyrochlore artificial spin ice, disconnected nanomagnets, inclined
at an angle to the substrate, are located at four different heights. The nanomagnets are held up by a polymer scaffold fabricated
using a combination of two-photon lithography and pyrolysis. The scaffold consists of sloped nanomagnet supports on tailored

hemispherical decoupling structures that ensure uniform shrinkage during pyrolysis. Imaging with magnetic force microscopy

indicates that the nanomagnets adopt a variety of magnetic states including single-domain, s-, and vortex states, while the necessity

for further advances in synchrotron X-ray imaging techniques tailored to these 3D magnetic architectures is highlighted.

1 | Introduction

Artificial spin ices (ASIs) are arrays of magnetically coupled
single-domain nanomagnets arranged in geometries that are
often designed to enforce frustration where it is not possible to
minimize all pairwise nanomagnet interaction energies simulta-
neously [1, 2]. They display a variety of fascinating phenomena
such as emergent magnetic monopoles [3-5], phase transitions
[6, 7], and vertex frustration [8]. Early ASIs were designed to
emulate the spin geometry of the titanate pyrochlores whose
crystal-field anisotropy constrains spins to point along the local
(111) axes, yielding low-energy ice-rule-obeying configurations

with two spins pointing into and two pointing out of each
tetrahedron [9]. In such spin ice crystals, the spins on the
corner-sharing tetrahedra are associated with a large number of
low-energy degenerate states, which is a signature of geometric
frustration. In a low-energy state, reversing a single spin on a
tetrahedron, which can happen as a result of thermal excitation,
leads to a violation of the ice rule, producing three-in/one-out
or one-in/three-out defects that behave as effective magnetic
monopoles interacting via a Coulomb-like law [10].

ASIs are typically fabricated in two dimensions with the nano-
magnets lying in a single plane and, in order to capture the
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geometry of the pyrochlores with a coordination number of
four, a square lattice arrangement of nanomagnets is often
adopted. However, this lifts the degeneracy of the low-energy
magnetic configurations through unequal interactions between
neighboring nanomagnets, leading to additional energy terms
in the monopole physics [3]. Nevertheless, modern lithographic
techniques offer precise control over lattice geometry, as well as
nanomagnet shape, size, separation, and material, thus enabling
fine tuning of interactions between the nanomagnets, which
can be exploited to restore the degeneracy of the magnetic
configurations. On the whole, the study of two-dimensional
(2D) ASIs remains an effective approach for exploring funda-
mental phenomena, and ASIs also show great promise for
computing applications, including logic gates [11] and neuro-
morphic devices [12, 13].

Recent advances in three-dimensional (3D) nanostructuring,
particularly with two-photon lithography and focused electron
beam-induced deposition, have enabled a wide range of 3D
magnetic architectures to be fabricated, from simple domain
wall conduits [14, 15] to chiral systems that host novel spin
textures [16, 17], as well as conformally coated lattices that allow
fine tuning of spin-wave spectra [18]. Central to these develop-
ments has been the drive to realize 3D ASIs [19], which have
up to now been made from connected magnetic nanowires and
include frustrated buckyball geometries [20-23], diamond-bond-
like connected nanowire networks that mimic the pyrochlore
lattice [24], and the constituent building blocks [25, 26].

Connected 3D ASIs have quickly demonstrated their potential,
opening possibilities to observe nucleation and propagation of
monopole-like defects [27], charge-ordered states [28], topolog-
ical textures in the stray field [29], and magnetization dynamics
[30, 31]. However, in such connected systems, the magnetic
charges take the form of domain walls, and the nanomagnet
interactions have additional contributions associated with the
junctions where the nanowires meet. In addition, the voxel shape
of the laser used for two-photon lithography results in nanowires
with an elliptical cross-section, and this leads to a lifting of the
degeneracy for ice-rule-obeying vertices [27] as well as among
the monopoles themselves [29]. These complexities enrich the
associated physics and can lead to several useful behaviors, for
example, fading memory and nonlinearity, that can be exploited
in reservoir computing [32], but they also move the system away
from a purely dipolar analog of natural spin ice.

3D ASIs, such as inverse opal-like or gyroid structures, can
be fabricated using bottom-up or self-assembly-based methods
[33, 34]. These fabrication methods can be used to create large
areas of small regular 3D magnetic nanostructures suitable, for
example, for investigations with neutron scattering [33]. However,
these methods lack the flexibility to finely tune the geometry,
for example, in terms of the number of nanomagnets that meet
at a vertex and nanomagnet angle, and again provide nanowire
networks rather than arrays of disconnected nanomagnets.

It is therefore desirable to realize 3D ASIs in which the nanomag-
nets are physically separated and interact exclusively through
dipolar coupling. With this, the accessible state space can be more
simply tuned through geometric parameters such as nanomagnet
orientation, size and separation, without unwanted modifications

to the energy landscape arising from connectivity. Creating such
3D ASIs not only offers better analogs to the crystal spin systems
than planar arrays of nanomagnets but also paves the way to
designer magnetic metamaterials with tunable bond angles, thus
providing bespoke static and dynamic magnetic properties.

Here, we present a method to fabricate disconnected 3D ASIs
through a combination of two-photon lithography, pyrolysis, and
thin-film deposition. These magnetic metamaterials consist of
physically separated nanomagnets arranged in a similar manner
to the spins on the pyrochlore lattice, with different orientations
and heights. We characterize this Pyrochlore ASI with magnetic
force microscopy (MFM) and synchrotron-based X-ray photoem-
ission electron microscopy (XPEEM), demonstrating both the
opportunities and challenges associated with the determination
of the magnetic configuration of 3D ASIs with physically sepa-
rated nanomagnets.

2 | Design of the 3D Pyrochlore Artificial Spin Ice

The 3D ASI in this work comprises physically separated
stadium-shaped nanomagnets that have lateral dimensions of
~250x 650nm°. The nanomagnets are placed on a polymer
scaffold, with the nanomagnets oriented at an angle of 45°
to the substrate and located at four different heights, as illus-
trated in the Graphical Abstract Figure and Supplementary
Movie. While the nanomagnets could have been oriented at
approximately +35° to the horizontal, which is analogous
to the spin orientation in the titanate pyrochlores, an angle
of 45° is chosen because it lies midway between the planar
and perpendicular limits, making fabrication straightforward
and yielding dipolar interactions with comparable lateral and
vertical field components. This highlights the flexibility of this
design—the nanomagnets can be fabricated at any tilt angle so
that different geometries, which are inaccessible in natural spin
systems, can be systematically explored.

The nanomagnets are located on top of sloped polymer platforms,
shown in orange in the Graphical Abstract Figure and Figure 1a,
which are raised to the required height with polymer support
structures shown in turquoise. The support structures have
four different heights; the lowest support has a height of ~3um
(650 nm) before (after) pyrolysis and the heights of the other three
supports are set according to the design (see Figure S1). In this
way, two unit cells are realized in the vertical direction. Having
only two unit cells ensures that nanomagnets are not stacked
on top of each other. This not only facilitates their fabrication
but also means that all nanomagnets are visible from the top,
as shown in Figure 1b, which is important for both deposition
of the magnetic material onto every platform and subsequent
determination of the full magnetic configuration with microscopy
methods. In Figure 1c, a side view of the design is shown, which
further illustrates how the tilted nanomagnets are placed at four
different heights with respect to the substrate.

Magnetic functionality and interactions can then be obtained by
depositing permalloy—a soft magnetic NiFe alloy typically used
for ASIs—on the top of the polymer scaffold with thermal evap-
oration (gray coating shown in the Graphical Abstract Figure).
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FIGURE1 | Design of the polymer scaffold for the Pyrochlore ASI. (a) Tilted view, (b) top view, and (c) side view. The sloped platforms, shown
in orange, are printed using piezo mode. The support structures, shown in turquoise, are fabricated using galvo mode. This combination of printing

strategies enables the realization of the complex 3D geometry required to approximate a 3D ASI based on the pyrochlore lattice.

In this way, disconnected nanomagnets with the required height
and orientation are fabricated on top of the sloped platforms.
There is also a thin film of permalloy on the lower surface where
the turquoise support structures meet the substrate, as shown
in the Graphical Abstract Figure. However, since the thickness
of the permalloy nanomagnets is usually in the range of a few
nm to a few tens of nm, interactions between the permalloy
nanomagnets on top of the support structures and the film on
the substrate can be straightforwardly mitigated by implementing
support structures with sufficient height, in this case with a height
of more than 650 nm above the substrate surface.

3 | Fabrication Using Two-Photon Lithography
and Pyrolysis

Realizing the disconnected 3D ASI based on the pyrochlore
lattice shown in the Graphical Abstract Figure requires the
ability to create a scaffold on which to place the nanomagnets,
oriented at 45° to the substrate plane, at four different heights
and four different orientations. These geometrical conditions can
be easily met by printing a polymer scaffold with two-photon
lithography, as demonstrated by previous works on nanowire
lattices [24, 27, 28]. Other additive manufacturing techniques,
such as focused electron beam-induced deposition, could also be
used to fabricate such lattices [16, 35-38]. However, up to now,
only structures of limited extent have been produced using this
method. Moreover, in order to obtain disconnected nanomagnets,
two different materials would need to be deposited in the same
structure, which poses an additional challenge. One could also
imagine nanostructuring a silicon substrate in such a geometry
using electron beam lithography, but this would be extremely
challenging as it would require many lithography and etching
steps to produce the four different heights and the four differently
oriented sloped platforms.

In addition to the geometrical requirements, each nanomagnet
should ideally have a stadium shape with lateral dimensions not

much larger than 200x 500nm® so that they are single domain
as in traditional 2D ASIs. While it is possible to print features of
200nm or smaller with two-photon lithography by scanning the
laser in a single line, the voxel associated with the laser printing is
an ellipsoid, which would result in the platforms having a curved
surface. This should be avoided in a 3D ASI because placing the
nanomagnets on a curved rather than a flat surface can alter
their magnetic properties in undesired ways [39, 40]. Therefore,
in order to mitigate the curvature produced by the voxel shape
of the laser, each nanomagnet platform can be realized with the
laser focus traveling over multiple overlapping lines. This creates
a flat surface onto which the magnetic material can be deposited,
confining the curvature to the nanomagnet edges. However, to
create platforms small enough to support nanomagnets, it is
first necessary to shrink such a polymer scaffold printed with
two-photon lithography through pyrolysis.

In the following sections, we give details regarding the fabrication
of the sloped supports for the nanomagnets, as well as the design
of the decoupling structures used to give uniform shrinkage
during pyrolysis. Further details concerning the two-photon lith-
ography and pyrolysis are given in the Methods section and
Figures S1-S3.

3.1 | Optimization of the Printing of the Sloped
Supports

The design of the polymer scaffold for the Pyrochlore ASI is
shown in Figure 1, with the nominal dimensions of the printed
structure before pyrolysis given in Figure S1. Each nanomagnet
lies on top of a sloped polymer platform, depicted in orange in the
Graphical Abstract Figure and Figure 1. The orange slope is raised
to the required height by a polymer support structure illustrated in
turquoise. The sloped platform should have a flat surface with the
side walls as vertical as possible in order to minimize the curvature
of the nanomagnet and prevent magnetic material from being
deposited on the support side walls.

Small Structures, 2026

3 of 14

85URD 1 SUOWILLOD) BAIERID B]qedl|dde 2y} Aq peunob a8 S YO 88N JO S3INJ 104 ARG 1T BUIIUO AB]IM UO (SUORIPUOD-PLE-SLULBHLIOD" A3 |1 ARRIq1BUIIUO//SUNY) SUORIPUOD PUR SWB L 8U3 385 *[9202/60/82] U0 A%1q1T8UIIUO /AB]1M ‘S0US|BIX3 218D PUE LESH 0} 2Iisul fuOeN ‘3DIN Ad 6502 H1SS/Z00T 0T/I0p/LI0D" A3 ARIq1RUIIUO//SUNY W14 POPROIUMOQ ‘6 ‘9Z0C ‘Z90V889Z



A Nanoscribe Photonic Professional GT2 tool is used for two-
photon lithography. To ensure a smooth and flat surface of
the platforms, the so-called piezo mode—a precise writing
mode for the fabrication of 3D structures with high resolution
and smoothness—is used to expose a photoresist in parallel
sloped lines (see Figure S2a). This ensures that the surface is
smoother compared with the one produced using the high-speed
galvo mode.

In Figure 1a, it can be seen that the lateral dimensions of the
platforms (shown in orange) are designed to be slightly larger than
those of the support structures (shown in turquoise). This is to
ensure that, when the permalloy is deposited on top, disconnected
thin-film nanomagnets are created on top of the platforms.

The support structure is printed as a woodpile structure using
galvo mode, in which each layer of polymer resist is printed
as a set of lines orthogonal to the sets of lines in neighboring
layers, as shown in Figure S2a. This gives mechanically strong
support structures.

In order to ensure symmetrical printing of the supports and
platforms, and therefore even structures without unintended
gradients in the surfaces, both the supports and platforms are
printed with a sequence of lines that starts from the center
and progressively reaches the edges. This printing sequence,
illustrated in Figure S2b, allows for the reliable printing of large
numbers of sloped supports with small distances between them.

3.2 | Design of the Decoupling Structures for
Pyrolysis

The pyrolysis process shrinks the polymer scaffold printed with
two-photon lithography to the required size. However, because
the substrate does not shrink, it is desirable to decouple the
printed structure from the substrate. Therefore, it is necessary to
not only shrink the individual sloped supports for the nanomag-
nets but also the polymer surface on which they are placed. For
this reason, a polymer decoupling structure is developed that has
a flat top surface that can freely shrink, while the decoupling
structure remains safely attached to the nonshrinking substrate.
The decoupling structure is printed in galvo mode.

A decoupling structure with a straightforward geometry could
be a tall cylinder (see Figure S4a), in which the part closer to the
substrate deforms to mechanically decouple the upper portion
of the cylinder from the substrate. However, a tall cylinder
has a large volume that substantially increases the printing
time. Therefore, in order to reduce the amount of material
needed for the decoupling structure for a given top surface
size, the area in contact with the substrate can be reduced.
One approach to achieve this is to implement hemispheres as
decoupling structures. Hemispheres have a very small area in
contact with the substrate, which makes them very effective
decoupling structures. However, for the same reason, they are
also not firmly attached to the substrate and can detach or tilt,
as can be seen in Figure S4b. This is not satisfactory, taking into
consideration that, for XPEEM imaging, a flat surface parallel to
the substrate is important. MFM also requires a horizontal, flat
surface with surface tilts below ~5°.

By imposing a minimum diameter at the lower part of the
hemisphere, as shown in Figure S4c, a cylindrical base (colored
orange in the inset of Figure S4c) is created that increases
the area in contact with the substrate, thus giving better adhe-
sion. However, this strategy reduces the decoupling of the
hemisphere because part of it isnow transformed into a cylinder.
This can result in a highly concave top surface, as seen in
Figure S4c.

In order to mitigate this problem, an additional short cylin-
drical section, which extends below the hemisphere, is intro-
duced, as illustrated in blue in the inset of Figure 2b. With
this approach, the total height of the decoupling structure is
increased. When the diameter and height of this additional
cylindrical section are properly optimized, one can then obtain
a decoupling structure with a flat surface before and after
pyrolysis. This decoupling structure design, with the nominal
dimensions before pyrolysis given in Figure S1, is used to
fabricate the 3D ASI based on the pyrochlore lattice. A top and
side view of the whole structure before and after pyrolysis is
presented in Figure 2 where, after pyrolysis, the platforms have
dimensions of ~250 x 650 nm>.

There is a low level of geometric disorder in the Pyrochlore ASI,
as quantified in Figure S5, with a variation in inter-element
separation of ~3%. Furthermore, the variation in the nano-
magnet aspect ratio is found to be less than 5%. Several hundreds
of these structures were fabricated, and all displayed a similar
precision in terms of the location of the nanomagnets, demon-
strating that the fabrication of the near-perfect structures is
highly reproducible. In 2D ASIs, disorder that is typically on the
order of 10% can lead, for example, to a finite size of Dirac string
avalanches [5].

At the center of the Pyrochlore ASI shown in Figure 2c, a defect
with a reduced spacing between the nanomagnet supports can
be seen, which is due to the fact that the top surface of the
decoupling structure is slightly concave. The reason for this is
that this sample was used for XPEEM measurements, for which
the support structure should be as small as possible to avoid
charging, and a decoupling structure with a small hemisphere
diameter, here shrinking from ~50 pm down to ~15um during
pyrolysis, typically results in a concave surface. While such
a central defect will not change the overall behavior of the
Pyrochlore ASI, similar defects have been shown to change the
local magnetic energy landscape, for example, acting as pinning
centers for domain boundaries [41] and nucleation centers for
emergent magnetic monopoles [42]. Perfect uniformity of the
nanomagnet supports may be achieved with further optimiza-
tion of the design of the decoupling structure in terms of its
overall diameter, the size of the bottom cylinder on which the
hemisphere stands, and the design of nanomagnet supports to
eliminate such a defect. Indeed, for the sample used for MFM
measurements, the diameter of the hemispherical decoupling
structure is ~60 pm (after shrinking down from ~150 pm during
pyrolysis), so it is much larger. This means that its surface
is naturally slightly convex and, instead of having a single
Pyrochlore ASI at the center of the decoupling structure, as
is the case for the XPEEM samples, there is room for several
Pyrochlore ASIs located away from the center so that they do not
have a central defect (see Figure S6).
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Before pyrolysis

(b)

After pyrolysis

FIGURE 2 | Scanning electron micrographs of the polymer scaffold for Pyrochlore ASI before (a,b) and after pyrolysis (c,d). (a,c) Top view of the
polymer scaffold and (b,d) side view of the polymer scaffold taken at a 70° sample tilt angle. A schematic of the design of the optimized decoupling
structure is provided in the top right corner of panel b and consists of a hemisphere (yellow), a widening of the base into a cylinder (orange) and a

cylindrical base (blue). The insets in panels a and ¢ are zoomed-in images of regions in the lower left corner of the polymer scaffold as indicated. The

zoomed-in image of the region in the inset of panel d further highlights the fidelity of the support structures after pyrolysis.

4 | Magnetic Imaging Using Magnetic Force
Microscopy

MFM measurements on 3D nanostructures are challenging,
which is particularly true in the case of the Pyrochlore ASI
because of the high aspect ratio of the support structures. A
major concern is tip strike, which can damage both the MFM
tip and the structure being characterized, especially given the
large height difference between the nanomagnets on the support
structures and the top surface of the decoupling structure. Precise
tip-position calibration is therefore carried out to ensure reliable
landing of the tip, and slow scan speeds are implemented to
ensure that the proportional-integral-derivative controller loop
can respond if the tip encounters the edge of the 3D ASI. After
acquiring a low-resolution atomic force microscopy (AFM) image
to locate the 3D ASI, the scan window is refined to keep the
MFM tip within the structure and enable safe acquisition of a
high-resolution image.

The nanomagnets possess a nonzero out-of-plane magnetization
component that enhances dipolar coupling to the MFM tip. While
this facilitates interpretation of the MFM images, this tip-sample
interaction increases the likelihood of switching induced by

the MFM tip, resulting in spurious contrast. To avoid this, an
ultralow-moment tip (NANOSENSORS SSS-MFMR) was used.
The low moment of the tip suppresses tip-sample interactions
but also gives a reduction in the signal-to-noise ratio, making
clear magnetic contrast difficult to obtain. In addition, the MFM
images of the nanomagnets contain a mixture of a genuine
magnetic signal and substantial topographical contamination
arising from electrostatic forces. Since the latter often dominates,
a least-squares fit of the AFM height map to the MFM contrast
is performed, and the remaining contrast is interpreted as the
magnetic contribution.

For a Pyrochlore ASI with 30 nm-thick nanomagnets, the topog-
raphy obtained with AFM is shown in Figure 3a, where it can
be seen that the individual nanomagnets can be resolved. We
find that the root-mean-square surface roughness extracted from
all measured nanomagnets is 14.9nm. This can contribute to
increased energy barriers to nanomagnet switching and a broader
distribution of energy barriers, both of which can be reduced
through optimization of the nanofabrication conditions. The
corresponding corrected MFM data is shown in Figure 3b, where a
variety of magnetic textures are revealed for MFM measurements
performed on the as-deposited Pyrochlore ASI. The measurement
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FIGURE 3 | MFM images and micromagnetic simulations of Pyrochlore ASI with 30nm-thick permalloy nanomagnets. (a) Topography of

the Pyrochlore ASI and (b) corresponding magnetic contrast with selected nanomagnets outlined to highlight the variety of observed magnetic
states. The size of the scanned area is 10x 10um®. (c,d) Micromagnetic simulation of an idealized building block of the Pyrochlore ASI with four
nanomagnets (c) viewed from the side and (d) viewed from the top. In panel d, it can be seen that the upper three nanomagnets are in a vortex state
and the lower nanomagnet is in a double-vortex state, with arrows indicating the magnetization direction, and the letters U and L indicating the
upper and lower ends of the magnets. An idealized atomic force microscopy height profile (e) is then used to generate the simulated MFM contrast
shown in (f), again with arrows indicating the magnetization direction. (g) Zoomed-in MFM images of the nanomagnets indicated with boxes of the

same color in panel b, together with schematics of their magnetic states.

is repeated with the tip magnetization reversed, which inverts
the magnetic contrast while leaving nonmagnetic contributions
unchanged, as shown in Figure S7. This enables the clear sepa-
ration of magnetic signals from uncompensated electrostatic
contributions or processing artifacts.

Micromagnetic simulations of the magnetic configurations at a
single vertex where four nanomagnets meet are performed to help
interpret the observed MFM contrast (see the Methods section
for details). Since the dimensions of the experimental magnets
depend on the detailed design and variations in processing condi-
tions, we set the nanomagnets in the simulations to representative
values of width x length X thickness =200 x 500 x 40 nm’, with the
distance between the nanomagnets and the center of the vertex set
to 250 nm. These dimensions deviate somewhat from those of the
experimental nanomagnets (250650 x 30 nm®). Nevertheless,
since these particular simulations were only carried out to predict
the MFM contrast that would result from the different possible
nanomagnet states, this is of little consequence.

A simulated vertex in which three nanomagnets relax into vortex
states and one relaxes into a double-vortex state is shown in
Figure 3c,d. Across ten independent simulations, none of the
nanomagnets relaxed into a single-domain macrospin state, indi-
cating that nonuniform magnetization configurations are favored

for these nanomagnet dimensions. Simulated MFM contrast is
typically computed at a constant lift height above the sample.
However, the large variation in height of this Pyrochlore ASI
produces a nontrivial imaging surface. To account for this, an
AFM measurement is simulated to approximate the imaging
surface (Figure 3e). Subsequently, the MFM contrast is computed
at a constant height above this surface (Figure 3f).

The simulations of magnetic configurations in Figure 3f are now
compared with the zoomed-in MFM images of the as-deposited
magnetic states of the nanomagnets shown in Figure 3g. The
locations of the nanomagnets in the Pyrochlore ASI are indicated
with frames of the corresponding colors in the larger image
shown in Figure 3b. Starting with the uppermost element with
a long axis oriented in the vertical direction (Figure 3g,i), there
is opposing bright and dark contrast at the nanomagnet ends,
suggesting a near-uniform state. However, the observed bright
and dark contrast is more localized along one edge, indicating
some nonuniformity more characteristic of an s-state seen in
thin-film planar elements [43-45]. This s-state is schematically
shown to the right of the MFM image in Figure 3g,i and is typically
seen for nanomagnets that are large enough for the magnetostatic
energy to give rise to a curling of the magnetization but not large
enough to host a fully-formed vortex state. The fact that the type
of state present in the nanomagnets depends intimately on their
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dimensions and saturation magnetization explains why the s-state
is seen in the MFM images but not in the simulations.

The MFM contrast for the nanomagnet shown in Figure 3g,ii is
indicative of a vortex state, with four lobes of alternating black and
white contrast similar to the calculated contrast of the uppermost
nanomagnet shown in Figure 3f, indicating a counterclockwise
circulation of the magnetization. As a guide, simulated MFM
contrast for nanomagnets with two opposite tilts and hosting
vortices with the two different magnetization circulations is given
in Figure S8. Focusing now on the MFM contrast observed in hori-
zontal nanomagnets, one of them exhibits symmetric opposing
contrast at the ends (Figure 3g,iii), suggesting a uniform single-
domain state. For the nanomagnet in Figure 3g,iv, the contrast
is consistent with a vortex state, but now with the magnetization
circulating clockwise. The preference for flux-closed vortex states
in the experimental data can be understood in the context of
micromagnetic simulations as shown in Figure S9a. Here, it can
be seen that, when employing the experimental nanomagnet
lateral dimensions (250 x 650 nm?) with a nanomagnet thickness
of 30nm, the double-vortex state has the lowest energy, followed
closely by the single-vortex state, while the single-domain state is
much higher in energy.

Overall, despite the challenges presented by the Pyrochlore ASI
with its high surface topography, we have been able to reliably
extract the magnetic contrast with MFM and identify multiple
magnetic states. These magnetic states are often nonuniform
because of the substantial nanomagnet thickness of 30 nm, which
was chosen to give a strong MFM signal. We expect that a reduc-
tion in the nanomagnet thickness will give a preference for single-
domain states. This is supported by our micromagnetic simulations,
which demonstrate that single-domain states are favored for a
permalloy nanomagnet with lateral dimensions of 250 x 650nm®
and a thickness below ~7nm (see Figure S9a). If we instead
consider nanomagnets with a smaller width of 200nm, the transi-
tion to a single-domain state occurs at a thickness of ~21nm (see
Figure S9b).

Our simulations demonstrate the feasibility of realizing a
disconnected 3D ASI with single-domain, Ising-like macro-
spins. Nevertheless, nonuniform magnetic states increase the
richness of magnetic states available, which has been shown to
be beneficial for spin-wave reservoir computation. For example,
in ref. [12], the authors demonstrate that nanomagnets with
different dimensions can support different nanomagnet states,
either Ising-like macrospins with strong interactions and more
weakly coupled vortices. These different states display very
different signatures in the spin wave spectra that can be used
as an output. The enhanced microstate space gives rise to
history-dependent nonlinear fading memory on application
of a magnetic field cycle, which is important for reservoir
computing. In ref. [46], the authors demonstrate a vortex
spin-torque nano-oscillator for reservoir computing where
pinning sites act as random reservoirs that can be used to
emulate neuronal functions. In ref. [47], a task-adaptive reser-
voir computing is demonstrated in a chiral magnet where
different magnetic phases display distinct resonances, and
give rise to various key properties that can be tuned with
magnetic field and temperature, including memory capacity,
nonlinearity, and complexity.

5 | Magnetic Imaging Using Synchrotron X-ray
Photoemission Electron Microscopy

The imaging of 3D ASIs using synchrotron XPEEM presents
its own distinct set of challenges for sample preparation and
characterization. Thick nanomagnets are not required for this
surface-sensitive technique. Therefore, for these measurements,
a thickness of ~5nm was chosen, which should give uniform
single-domain nanomagnets, as confirmed by the micromagnetic
simulations shown in Figure S9a for nanomagnets with lateral
dimensions of 250 X 650 nm>.

An initial XPEEM experiment was conducted at the Surface/
Interface: Microscopy (SIM) beamline of the Swiss Light Source.
The measurements at this beamtime revealed a critical issue—the
polymerized photoresist used in the polymer scaffold had insuffi-
cientelectrical conductivity, severely limiting the quality of XPEEM
images. As aresult, the signal-to-noise ratio was low, the image was
distorted, and the magnetic contrast was difficult to perceive. An
XPEEM image of the structure is shown in Figure 4a, where it is
possible to see the structural outline of the Pyrochlore ASI and to
deduce the location of certain four-nanomagnet vertices, with one
of the vertices indicated with a blue rectangular frame. However,
the detailed structure of the Pyrochlore ASI is difficult to discern.
In addition, only a subset of nanomagnets (approximately half)
appear in the image, which can be attributed to the distortion of
the electric field by the high-aspect-ratio support structures, with
a local field enhancement at the sharp tips. Also, the illumination
of the sample with grazing-incidence synchrotron X-rays, with
the X-ray propagation direction indicated with the blue arrow in
Figure 4a, further enhanced the nonuniformity of the contrast due
to shadowing. This explains why one side of the image appears
brighter than the other, further impeding the interpretation of
the contrast.

To address the issue of surface charging, in addition to using
small decoupling structures, conductive coatings were introduced
via two approaches: (i) oblique-incidence platinum sputter deposi-
tion and (ii) the growth of an iridium layer using atomic layer
deposition. These coatings were applied directly onto the polymer
scaffold before deposition of permalloy and successfully established
a conductive path, thus mitigating charging effects. Additionally,
in order to address the shadowing associated with shallow-angle
X-ray illumination, a subsequent beamtime was performed at the
photoemission electron microscopy end station (MAXPEEM) at
the MAX IV synchrotron, where the synchrotron X-rays are at
normal incidence to the sample surface. This instrument geometry,
combined with a conductive coating and a high start voltage,
significantly improved the image quality, eliminating both the
shadowing issue and surface charging, as seen in Figure 4b. A
four-nanomagnet vertex in which the individual nanomagnets
can be clearly distinguished is highlighted with a blue frame.
Nevertheless, some electron path distortions remained, with the
nanomagnets at the right side of the Pyrochlore ASI in Figure 4b
seen more clearly than those at the left side. As before, only a subset
of nanomagnets appear in the image due to the distortion of the
electric field by the support structures.

With the optimized imaging conditions at the MAXPEEM end
station, an attempt was made to measure the magnetic contrast.
For this, the magnetic state of all nanomagnets was first set by
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(a) Grazing incidence x-rays (b)

Normal incidence x-rays

FIGURE 4 | Synchrotron XPEEM images of Pyrochlore ASI. The images are taken in single polarization mode, in which the structure of the
Pyrochlore ASI is visible. The image in (a) is obtained at the Swiss Light Source. Here, the polymerized photoresist had insufficient electrical
conductivity so that the signal-to-noise ratio is low and the image is distorted. In addition, the synchrotron X-rays are at a grazing incidence,
impinging on the sample at an angle of 16°, with the X-ray propagation direction indicated with a blue arrow. This introduces shadowing effects
and a nonuniform illumination of the sample. The image in (b) is obtained at the MAX IV synchrotron. Here, conductive coatings are introduced
to mitigate charging effects, the synchrotron X-rays have normal incidence on the sample surface, which eliminates shadowing, and a high start
voltage is used. This significantly improved the image quality although some electron path distortions can still be seen. The blue box in each panel
outlines four nanomagnets at a vertex, which can be seen more clearly in panel b. For these samples, the permalloy thickness is ~5nm.

applying an out-of-plane magnetic field of approximately +70 mT.
The expectation was that this would give a uniform magnetic
contrast across all nanomagnets so that they would appear all
bright or all dark, depending on whether the applied magnetic
field points into or out of the plane. The resulting X-ray magnetic
circular dichroism (XMCD) contrast is shown in Figure 5a where
all nanomagnets appear bright compared to the background.

As a next step, the polarity of the magnetic field was reversed,
applying an out-of-plane magnetic field of approximately
-70 mT to switch the magnetization direction of all nanomagnets.
This should have led to an inverted magnetic contrast relative

to the previous image, with all nanomagnets appearing dark.
However, the expected reversed, dark XMCD contrast of the
nanomagnets was not clearly observed. Instead, the contrast
associated with the nanomagnets was similar to the background
(see Figure 5b).

The origin of this anomalous behavior in the contrast remains
unclear—it could be an artifact associated with the imaging or
something inherent in the magnetic behavior of the Pyrochlore
ASLI. It is unlikely to be due to X-ray-induced chemical reactions
between the permalloy and the polymer scaffold, which could
render the nanomagnets nonmagnetic over time. This is because

5um_

FIGURE 5 | XMCD contrast of the Pyrochlore ASI taken with synchrotron XPEEM following the application of an out-of-plane magnetic field

H with the direction indicated. (a) After applying an out-of-plane magnetic field of approximately +70 mT, all nanomagnets exhibit bright contrast,
consistent with uniform magnetization. The blue box outlines four nanomagnets at a vertex. (b) After applying an out-of-plane magnetic field of
approximately =70 mT, the expected inverted dark contrast is not observed. Instead, the XMCD signal from the nanomagnets appears weak and
comparable to the background. For these samples, the permalloy thickness is ~5nm.
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there is a conductive coating between the polymer scaffold and the
nanomagnets. In addition, the bright contrast of the nanomagnets
is recovered on reapplying an out-of-plane magnetic field of
approximately +70 mT. Irrespective of the origin, this anomaly in
magnetic imaging hindered our ability to reliably determine the
magnetic state of the nanomagnets.

While the sample conductivity and the shadowing effects could
be addressed, the present experiments reveal that the following
issues still need to be overcome for XPEEM imaging of 3D
ASIs: (i) local electric field distortion due to the 3D nature of
the sample, which results in a deformation of the image, and
(ii) the tilt of the nanomagnets with respect to the microscope
optical axis, preventing high-resolution imaging in XPEEM.
While XPEEM instruments allow mechanical rotation of the
sample stage to compensate for a small sample tilt, the sample
rotation is limited to only a few degrees, and, in any case,
the nanomagnets have four different tilts that cannot be simul-
taneously compensated. With the nanomagnets tilted at 45°
to the optical axis in the Pyrochlore ASI, there is a severe
degradation in spatial resolution. Future developments such
as vector potential photoelectron microscopy, which makes
PEEM suitable for real-world samples with surface roughness
[48], or novel XPEEM lens systems [49] might provide solutions
for these issues.

6 | Conclusions

We have presented advances in the fabrication and characteri-
zation of a 3D ASI based on the pyrochlore lattice composed
of physically separated nanomagnets. This required substantial
developments in both the design of such a magnetic metama-
terial and the fabrication. The fabrication of the Pyrochlore
ASI consisted of two-photon lithography to fabricate the initial
polymer scaffold, followed by pyrolysis to shrink the scaffold
to a suitable size, and then deposition of a magnetic thin film
by thermal evaporation to create the nanomagnets. The two-
photon lithography process was optimized by printing multiple
parallel lines for the sloped supports, starting from the center
and moving outward, and by combining mechanically robust
woodpile support structures with sloped platforms that have
smooth surfaces. A central challenge was to maintain the fidelity
of the polymer scaffold during pyrolysis while allowing the entire
structure to shrink uniformly. This required the development
of decoupling structures, consisting of a hemisphere with a
cylindrical base, which gave mechanical isolation of the polymer
scaffold from the rigid substrate.

Two complementary magnetic imaging techniques, MFM and
XPEEM, were employed to characterize the magnetic configu-
ration of the Pyrochlore ASI. With careful implementation of
the MFM measurements, which included precise calibration
of the position of the MFM tip and slow scan speeds, it was
possible to obtain interpretable magnetic contrast and identify
a range of magnetic states within the nanomagnets, including
single-domain, s-, and vortex states. If single-domain nanomag-
nets are required, the nanomagnet volume can be reduced, either
by reducing the nanomagnet thickness, lateral dimensions, or
both. At the same time, if strong dipolar coupling between the

nanomagnets is required, the nanomagnets should have both a
sufficiently large volume and a small separation.

Assignificantimprovement in XPEEM imaging was obtained with
the implementation of normal-incidence synchrotron X-rays and
conductive coatings, to reduce shadowing and surface charging,
respectively. Nevertheless, the 3D profile of the Pyrochlore ASI
resulted in a nonuniform electric field that distorts the trajectory
of the emitted photoelectrons, indicating the need for further
developments in synchrotron X-ray imaging of such systems. One
possibility is to use synchrotron X-ray laminography, which has
shown promise for the magnetic imaging of small ASI building
blocks [26]. Its implementation for the imaging of the magnetic
configurations in Pyrochlore ASI presents its own challenges,
particularly with the need to mount the sample on a membrane
substrate and ensure sufficient X-ray transparency, although
encouraging progress has been made in nanowire systems [50].

If single-domain nanomagnets are implemented, the magnetic
states can be represented as macrospins or magnetic charge
dumbbells [5]. Such a Pyrochlore ASI would allow the investi-
gation of the motion of monopoles and the realization of a
Coulomb-like phase in three dimensions [51]. In addition, we
can now create a 3D ASI where the magnetic configuration is
not only influenced by a magnetic field applied in the substrate
plane, as is the case for 2D systems, but also with a field applied
perpendicular to it. This would, for example, allow the creation
of Type I vertices at will (see Figure S10 for the definition of the
different vertex types) and also the investigation of the influence
of the magnitude of the applied out-of-plane magnetic field on
the resulting magnetization reversal on application of an in-plane
magnetic field. With careful tuning of the in-plane and out-of-
plane magnetic fields, the Pyrochlore ASI could be systematically
modified from a 3D system to an effective 2D kagome ice. See, for
example, refs. [52] and [53].

Such a disconnected 3D ASI also offers a powerful platform to
explore the physics associated with statistical vertex models [54].
To highlight this, we have used a point dipole model (see the
Methods section) to determine the vertex energies as a function
of the nanomagnet tilt angle (see Figure S10). At an angle of
approximately 35°, Type I and Type II vertex configurations, with
two macrospins pointing in and two pointing out, are degenerate
as expected. Increasing the angle to 45° yields a preference for
Type II vertex configurations, thus becoming more like a KDP
vertex model [55]. Conversely, decreasing the angle below 35°
yields a preference for Type I vertex configurations, as expected for
conventional 2D square ASI and the F-model [56].

Determining the populations of vertex configurations in an ASI
is a useful way to ascertain, for example, how close the system
is to the ground state. However, since the nanomagnets in the
Pyrochlore ASI presented here are not all single domain, there
would be a myriad of magnetic states to analyze, making such an
analysis impractical.

Continued progress in both fabrication and imaging will therefore
be crucial for fully accessing and understanding the magnetic
microstates in these architected 3D ASIs. This will, in turn, spur
the discovery of novel phenomena and development of applica-
tions associated with such functional magnetic metamaterials.
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7 | Methods
7.1 | 3D Artificial Spin Ice

The Pyrochlore ASIs are fabricated on 10x10mm’ silicon
substrates with a <100> orientation. The first step involves
printing the polymer scaffold with two-photon lithography using
the focused laser of a Nanoscribe Photonic Professional GT2 tool.
The two-photon lithography is performed on an IP-Dip negative
photoresist, which then serves as the polymer scaffold on which
the nanomagnets are deposited. The IP-Dip negative photoresist is
drop-cast on the substrate. Following laser exposure, the polymer
scaffold is developed in PGMEA solvent for 15min, rinsed in
isopropanol, and critical-point dried to prevent damage from
the surface tension of the isopropanol. This step is crucial in
maintaining the integrity and shape of the polymer scaffold. The
polymer scaffold consists of vertical support structures. On top of
the support structures are platforms with stadium-shaped sloped
surfaces, which are designed to host the nanomagnets at specific
orientations. The sample is then subjected to pyrolysis, a heat
treatment that is detailed below. This causes the polymer scaffold
to shrink down to approximately one-third of its original size.
This reduction in size is necessary to obtain nanomagnets that
are ~250nm wide and 650 nm long after pyrolysis.

The geometry of the polymer scaffold means that the magnetic
material can be deposited on top, resulting in arrays of discon-
nected nanomagnets that are >650 nm above the flat surface
of the decoupling structure, which itself is also coated with a
magnetic thin film. The deposited magnetic layer is permalloy,
which is up to 40nm thick, with Nig;Fe,; pellets used as the
source material. However, it should be noted that, since the
nanomagnets are sloped, the actual maximum thickness is
then given by 40 nm X cos(45°)~30nm. The magnetic layer
was deposited on top of a 10nm-thick aluminum layer and
capped with a 2 nm-thick aluminum layer to prevent oxidation.
The lower aluminum layer also avoids the presence of an
interfacial Dzyaloshinskii-Moriya interaction that would result
from direct contact with the platinum conductive coating [57],
thus simplifying interpretation of the magnetic behavior. The
permalloy and aluminum layers are deposited via thermal evap-
oration at a base pressure of 1x10 °mbar. For the samples
investigated with XPEEM, the permalloy is deposited as a wedge
with the thickness going from 0 to 7nm over a distance of
~8mm. The XPEEM images are taken at the thicker end of the
wedge, at a permalloy thickness of ~5nm.

Since the nanomagnets are created with thermal evaporation, the
atomic flux distribution is heavily centered around the direction
perpendicular to the target material [58]. In addition, since the
material is deposited at a base pressure of 1x10 °mbar, the
large mean free path of evaporated atoms (>>30cm) means that
negligible interatomic collisions take place [59]. The thermally
evaporated atoms will therefore travel in a straight line, normal
to the substrate, and, given that the platforms extend beyond the
support structures, we expect negligible deposition of material
on the support structure sidewalls. We are also confident that,
with such tall support structures, the nanomagnets are not in
physical contact with the magnetic thin film on the surface of the
hemispherical decoupling structure.

7.2 | Printing the Polymer Scaffold With Two-
Photon Lithography

The polymer scaffold of the Pyrochlore ASIis printed using two-
photon lithography. This method exploits the higher probability
of multiphoton absorption at the focal point of the laser beam,
thereby altering the chemical properties of the photoresist in an
ellipsoidal voxel. By moving the focal point of the laser beam in
the photoresist, it is possible to expose arbitrary 3D shapes.

For the Nanoscribe Photonic Professional GT2 tool used for
two-photon lithography, there are two main modes in which
the focal point of the laser can be moved in the photoresist.
The first mode keeps the focal point in a fixed position and
uses a three-axis piezoelectric stage to move the sample. This
mode, called the piezo mode, provides the writing of arbitrary
3D trajectories. The second mode relies on two high-speed
electrically controlled mirrors (galvo mirrors) to move the laser
beam and thus the focal point, in a plane parallel to the sample
surface. This mode, called the galvo mode, only allows the
writing of arbitrary trajectories in a plane. In galvo mode, 3D
structures are therefore exposed plane by plane, exploiting the
piezoelectric stage to only change the position of the focal plane
with respect to the substrate. Thanks to the high-speed galvo
mirrors, the galvo mode can achieve writing speeds that are 100
times faster than those of the piezo mode.

The printing process is controlled by a script, where the printing
parameters are specified along with a list of points or segments
that need to be printed. Alternatively, a 3D design, contained in
a .stl file, can be sliced into planes that can be printed according
to the specified slicing settings. However, the latter approach
does not allow the user to fully tailor the printing process to the
printed structure and substructures. For this reason, customized
scripts were developed in order to print the various parts of the
polymer scaffold in a reliable, repeatable, and tunable fashion. In
order to create support structures with small lateral dimensions
and high aspect ratios, the polymer scaffold is printed using the
IP-Dip negative photoresist and a X63 magnification immersion
objective. Among the various configurations available, this combi-
nation allows for the fabrication of the smallest printable features
with the Nanoscribe Photonic Professional GT2 tool.

To achieve the best print quality, many printing parameters
have been optimized for each different substructure of the
polymer scaffold. These include the choice of the printing mode,
the printing speed, the laser power, the laser beam acceleration
in galvo mode, the trajectory fidelity in piezo mode, the settling
time for each movement of the piezoelectric stage, and the
settling time between each line. In addition to the optimized
printing parameters, the following ensure a high repeatability of
the results:

« Waiting 10min after each large mechanical stage
movement. Because the objective is immersed in
the photoresist, every large sample movement creates
unwanted polymer flow in the photoresist. These polymer
currents can be detrimental for the printing process and can
be minimized by implementing a waiting time after each
large-stage movement.
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« Reducing the mechanical stage speed. A smaller stage
speed reduces the polymer currents generated as a result of
the motion of the objective in the photoresist.

« Calibrating the laser power multiple times during a
long exposure. The laser power of the Nanoscribe system
tends to decrease over time. For this reason, the power is
recalibrated every hour.

+ Cleaning the substrate surface with plasma before
applying the photoresist. This treatment is applied using
a portable atmospheric air plasma pen, which produces
ozone in the air. This procedure ensures better adhesion of
the printed structures to the substrate surface.

7.3 | Pyrolysis

The pyrolysis process involves the thermal decomposition of
polymeric or other organic materials in an inert environment.
In a microfabrication context, pyrolysis can be used to reduce
feature sizes and increase the strength of negative photoresist
structures [60]. In the present work, pyrolysis is conducted in a
nitrogen atmosphere using a small tube furnace. The nitrogen
atmosphere, with a total volume of approximately 2500 cm?, is
continuously refreshed from a bottle with a nitrogen purity higher
than 99.999% and a flow rate of 200sccm, ensuring a complete
purge every 12.5min.

To create the Pyrochlore ASI, pyrolysis is used to reduce the
dimensions of the polymer scaffold printed using two-photon
lithography. The nominal lateral dimensions of the nanomagnet
platforms are 600 x1900nm” (see Figure S1), but, since the
scanned laser voxel is at least 100nm wide, this would give
platform dimensions of 700 X 2000 nm. Shrinking of the polymer
scaffold by a factor of three is therefore required to obtain nano-
magnet platforms with lateral dimensions of ~250 x 650 nm” after
pyrolysis. Because the final physical properties of the 3D ASI are
determined by the polymer scaffold geometry, it is important that
the shrinkage is isotropic, thus giving a uniform reduction in the
structure dimensions that preserves the original layout defined
by the polymer scaffold design. Achieving such an isotropic
shrinking requires precise control of the pyrolysis heating
protocol. In particular, a slow increase in temperature with a
carefully controlled temperature ramp allows uniform decompo-
sition of the polymer and controlled outgassing throughout the
structure, minimizing internal stresses and shape distortions. Fast
heating can cause uneven contraction and surface defects, espe-
cially in combined structures with different surface-to-volume
ratios that pyrolyze and shrink at different rates. By slowly raising
the temperature and including holding steps at key points, we
therefore make sure that the pyrolysis at each temperature is
close to completion before increasing the temperature further,
thus ensuring uniform shrinkage and smooth surfaces with low
roughness and porosity.

Our heating protocol, shown in Figure S3, follows these princi-
ples: the temperature is increased at a slow ramp rate with holding
steps of at least 45min every 50 °C. The longer holds at 250 and
350°C, adapted from Bauer et al. [60], serve distinct purposes. The
first hold allows thorough degassing while avoiding damage to
the polymer, which retains its shape up to ~250°C. The second

hold enables controlled and uniform volume reduction at the
temperature where most of the shrinkage occurs. The maximum
pyrolysis temperature is limited to 550 °C as higher temperatures
lead to increased surface porosity and roughness that degrade
polymer scaffold quality. This upper temperature limit resultsin a
final polymer scaffold size that is roughly one third of the original.

It is essential to decouple the polymer scaffold from the silicon
substrate, since the substrate does not appreciably change in
size during pyrolysis. This is achieved by printing the polymer
scaffold on cylindrical or hemispherical decoupling structures
that physically isolate it from the substrate, enabling uniform 3D
contraction. The most successful decoupling structure consisted
of a hemisphere with an extended cylindrical structure at its
base. For MFM and XPEEM, the diameter of the decoupling
structures before pyrolysis was 150 um and 50 um, respectively,
which reduced to approximately a third during pyrolysis.

7.4 | Micromagnetic Simulations

Micromagnetic simulations employing a finite element method
are performed using the publicly available Nmag micromagnetic
simulation code. Simulation geometries are defined using Blender
and meshed to 5nm using Netgen. Standard material parameters
for permalloy for saturation magnetization (M;=0.86x 10° Am™")
and the exchange stiffness (A, =1.3% 107" Im™) are imple-
mented, with the mesh size informed by the exchange length

Jex = \/2Aex/uoMe ~ 5nm. The lowest energy configuration is
computed by performing a time (¢) evolution of the Landau-

Lifshitz-Gilbert equation

dM a dM
W__YMXHEH-{_EMXW

where M is the magnetization, H is the effective field, y is
the gyromagnetic ratio, and « represents the phenomenological
damping parameter of the material. The simulations consider
equilibrium states only, so that an artificially high damping
parameter (@ = 1) can be used to reduce computation time.

To obtain the simulated magnetic states shown in Figures 3
and S8, each nanomagnet cell was given a random magnet-
ization vector, and then energy minimization was achieved
using a damped time-evolution method based on the numerical
integration of the Landau-Lifshitz—Gilbert (LLG) equation in
the absence of an external field. No magnetic field protocol
was applied.

7.5 | Scanning Probe Microscopy Simulations

Outputs from micromagnetic simulations are used to compute
the corresponding MFM contrast. First, an imaging surface is
calculated with a binary search algorithm using two 3D surfaces
representing (i) the simulation object and (ii) an MFM tip based
on a Bruker MESP-V2 MFM tip that has a similar shape to
the NANOSENSORS tips used in this work. For each in-plane
coordinate, the binary search algorithm determines the smallest
out-of-plane offset to be applied to the simulated tip such that the
two simulation objects do not intersect. The offsets calculated for
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each in-plane coordinate provide the imaging surface. The sample
stray field is then calculated at 99, 100, and 101 nm above the
imaging surface such that 92H,, where H, is the out-of-plane stray
field component, can be determined numerically at 100 nm above
the imaging surface.

While the fabricated nanomagnets have a 45° tilt to the substrate
plane, the simulations are performed on nanomagnets that
have their long axis parallel to their local (111) axes, which
means that the nanomagnets are oriented at approximately +35°
[+acos(2/3)"%] to the substrate plane. We do not expect this
discrepancy in the tilt angle to significantly affect the magnetic
states predicted with finite-element simulations and the corre-
sponding MFM contrast.

7.6 | Magnetic Force Microscopy

MFM measurements are performed on the Pyrochlore ASI
with 30nm-thick nanomagnets using a Bruker Dimension
ICON SPM system with ultralow moment NANOSENSORS SSS-
MFMR tips. Atomic force microscopy (AFM) measurements are
captured in the tapping mode, and MFM images are captured on
a second pass at a lift height of 100nm. The tip is magnetized
using a permanent magnet before image capture, and each
image capture is repeated after reversing the tip magnetization
to differentiate magnetostatic and electrostatic contributions to
the contrast.

In the stadium-shaped nanomagnets, the MFM contrast is domi-
nated by stray fields across the width of the nanomagnets. We
can use this fact to deduce the circulation of the observed vortex
states. With dark contrast corresponding to a positive stray-field
gradient and bright contrast corresponding to a negative stray-
field gradient, when the magnetization is parallel to the nano-
magnet short axis, we can assign the magnetization direction to
point from dark to bright contrast. This is confirmed in Figure
S8 with micromagnetic simulations of individual stadium-shaped
nanomagnets and the corresponding simulated magnetic force
microscopy images for different combinations of nanomagnet
tilt (positive or negative) and circulation of the magnetization
(clockwise or counterclockwise).

7.7 | Synchrotron X-ray Photoemission Electron
Microscopy

Magnetic contrast in XPEEM imaging is obtained by making use
of the X-ray magnetic circular dichroic (XMCD) effect. Images are
acquired with left and right circularly polarized light at the Fe L,
edge with a photon energy of 708.1eV. From these images, the
XMCD contrast Ixycp, Which is proportional to the projection of
the magnetization along the propagation direction of the X-rays,
is calculated from

I — Ileft - Iright

xmep I left + Iright

The XMCD contrast follows a cosf dependence, where 0 is the
angle between the local magnetization vector and the wave vector
of the helical X-rays.

Synchrotron XPEEM imaging of the Pyrochlore ASI is
performed at both the Surface/Interface:Microscopy (SIM)
beamline of the Swiss Light Source and the MAXPEEM beam-
line of the MAX IV synchrotron. At the SIM beamline of the
Swiss Light Source, the X-rays impinge on the sample surface at
anangle of 16°. Atthe MAXPEEM beamline, the incident X-rays
are orthogonal to the sample surface. XMCD images using the
latter arrangement are particularly sensitive to the out-of-plane
component of magnetization. In addition, the normal incidence
angle is useful for reducing shadowing that occurs at a lower
incident angle where one part of a 3D structure prevents the
X-rays from reaching another part of the structure.

The XPEEM image shown in Figure 5a,b is taken after applying
a magnetic field with the variable field holder of the MAXPEEM
with a current in the coil of +1A (—-1A) corresponding to a
magnetic field of approximately +70mT (—70mT).

The conductive coatings introduced to prevent surface charging
are (i) a 5nm-thick layer of platinum, which is sputter deposited
at a base pressure of ~3x10™®mbar while rotating the sample,
with the angle between the source and sample of >45°, and
(ii) plasma-enhanced atomic layer deposition of a 10nm-thick
iridium coating at 370 °C. These coatings were applied directly to
the polymer scaffold before depositing the aluminum/permalloy/
aluminum trilayer used for the nanomagnets.

7.8 | Point Dipole Model

Vertex energies as a function of nanomagnet tilt angle were
calculated using a point dipole model comprising four dipole
moments with positions given in spherical polar coordinates as
(0, 0), (n/2, =0), (x, 0), and (37/2, —0). Here, 0 is defined as the
elevation angle above/below the xy-plane.

The direction of the dipoles was set according to the appropriate
vertex types, and dipolar interaction energies (U) were calculated
according to

_ Ho[mi-my  3(my-r)(my-r)

U‘E 3 ]

where u, is the permeability of free space, and m, and m, are the
dipole moments of two interacting point dipoles with r being the
distance between them.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. This movie highlights the geometry of the Pyrochlore
ASI. At the start of the movie, a top-down view of the Pyrochlore ASI
is shown with four different colors indicating the nanomagnets at four
different heights. The colors are then removed, and the design is rotated to
display the Pyrochlore ASI from different perspectives. At the end of the
movie, four nanomagnets are shown in pink, once again to highlight the
four different nanomagnet heights.
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