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ABSTRACT
The extension of artificial spin systems to the third dimension offers advances in functionalities and opportunities for technological applica-
tions. One of the main challenges facing their realization is the fabrication of three-dimensional geometries with nanoscale resolution. In this
work, we combine two-photon lithography with deformation-free pyrolysis and a GdCo coating to create a three-dimensional (3D) tripod
structure that represents a building block of an 3D artificial spin ice, surrounded by a two-dimensional magnetic film. We map the three-
dimensional magnetic configuration of the structure and its surroundings using soft x-ray magnetic laminography. In this way, we determine
the magnetic configuration of the tripod nanostructure to be in the low-energy two-in-one-out spin ice state, observed at the 2D vertex of a
kagome ice and predicted for three-dimensional vertices of magnetic buckyball structures. In contrast to isolated vertices, the degeneracy of
this state can be lifted by the surrounding film, which also offers a route toward the controlled injection of emergent charges. This demonstra-
tion of the building block of a 3D spin system represents the first step toward the realization and understanding of more complex 3D artificial
spin systems.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0101797

I. INTRODUCTION

Artificial spin ices,1–3 consisting of arrays of dipolar-coupled
nanomagnets, exhibit rich physics, including emergent magnetic
monopoles4 and phase transitions.5–7 One of the main advantages
of artificial spin systems is the possibility to create and tailor spe-
cific physical properties that comes with the freedom of design in

contrast to bulk spin systems. Therefore, they have high potential
for the realization of new applications, such as advanced com-
puting devices,8,9 nanomagnetic logic gates,10,11 and programmable
magnonic crystals.12–14

While most artificial spin systems are two-dimensional (2D),
there is growing interest in the extension of such systems into
the third dimension (3D), which offers additional degrees of
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freedom and access to behaviors not realizable in planar
systems.15–17 Indeed, it has been shown that the limitations of
non-equivalent interactions between nanomagnets at the vertices
of a 2D square-lattice can be overcome by introducing a height
displacement18–20 so that signatures of the Coulomb phase can
be observed.21,22 In fact, experimental work on inverse opal-like
structures23–28 and gyroids29 has highlighted that going toward
three-dimensional (3D) artificial spin systems provides new
environments to study frustration of magnetic systems, beyond
the geometries restricted by 2D systems. However, self-assembly
techniques, such as colloidal sphere lithography or block copoly-
mer templating used for inverse opal-like and gyroid structures,
respectively, do not offer exact tailoring of 3D geometries.

With the recent advance in 3D nanofabrication, the introduc-
tion of more complex 3D magnetic nanostructures is now possible.
In this way, new topologies,30,31 the introduction of chirality,32–34 or
designed frustrated lattices35–37 are now possible, offering promising
new directions for advanced applications. There are currently two
routes for the fabrication of such complex magnetic nanostructures:
first, the direct-writing of magnetic materials with focused electron
beam induced deposition (FEBID). For FEBID, recent implementa-
tions of a computer aided design (CAD)-based model have opened
the door to the fabrication of a wide variety of 3D architectures
with typical nanowire diameters of tens of nanometers.31,38–40 The
second route concerns the deposition of magnetic materials on non-
magnetic 3D scaffolds,30,36,37,41,42 leading to the formation of 3D
magnetic shell structures. These scaffolds can be realized either
via FEBID41 or via two-photon lithography,36,42,43 a powerful tech-
nique capable of realizing arbitrary 3D geometries, though typically
with larger scale features on the order of hundreds of nanometers.
Recent progress in post-processing steps has led to the shrinking
of structures to magnetically relevant lengthscales.44 With deposi-
tion techniques, such as evaporation and sputtering, scaffolds can be
magnetically coated with material properties with similar quality to
thin films deposited on flat substrates.41

Here, we take advantage of these recent advances in nanofab-
rication to create a magnetic tripod nanostructure that represents
a nanoscale building block of a frustrated 3D lattice. The building
block consists of three legs, which can be approximated as Ising
spins, meeting at a 3D vertex. This vertex is surrounded by a 2D
magnetic film, providing a route to controlling the magnetic config-
uration. We use two-photon lithography to fabricate 3D polymeric
microscaffolds. To achieve the lengthscales for which the magne-
tization is dominated by the 3D shape anisotropy, we perform
pyrolysis on the scaffolds using deformation—preventing supports
to homogeneously reduce their size by 70%, while retaining their 3D
geometry. In a final step, we use DC magnetron sputtering to coat
the sample with a magnetic GdCo layer to create a 3D shell structure.
We note that with this technique, a homogeneous coating of the 3D
structure is not possible and that shadowing effects42 will lead to a
half-tube-like magnetic shell.

The magnetic configuration of the frustrated structure is deter-
mined using soft x-ray magnetic laminography,45,46 providing direct
access to the 3D magnetization configuration. In contrast to previous
studies, where magnetic force microscopy measurements indicated
the presence of magnetic charges at the vertices, the use of x-ray
imaging probes the magnetization itself. In this way, we are able to
identify the specific configuration and, therefore, the “vertex type”

present in the system. The use of laminography also provides access
to buried layers within a 3D sample, offering a promising route to
the study of extended lattices. Here, we observe that the magnetic
configuration is determined by the geometrical frustration of the
tripod nanostructure and the magnetization of the film in which
the 3D structure is embedded. In particular, the tripod was found
to be in a macroscopic low-energy 2-in-1-out spin ice state, similar
to that observed in the two-dimensional analog vertex of a kagome
lattice and found in 3D vertices of magnetic buckyball structures
determined with micromagnetic simulations.47

Our approach provides a new platform to use building blocks
such as the tripod to realize more complex lattices and study
their intriguing physics, including charge propagation through 3D
lattices, complex domain wall configurations, and the thermal relax-
ation of such systems toward the ground state. Moreover, the
sensitivity of the x rays through the depth opens up the possibility
to study lattices involving multiple layers.

II. SAMPLE FABRICATION
To create our tripod nanostructure, we first define a non-

magnetic scaffold with two-photon lithography, which we subse-
quently coat with a magnetic material, as shown in Fig. 1. To
achieve the lengthscales necessary for an artificial spin system, we
combine two-photon lithography, which is ideal for the definition
of micrometer-sized structures, with pyrolysis, a procedure that
involves the thermal decomposition of a material by a high tem-
perature treatment in an inert gas atmosphere. This treatment leads
to significant shrinking of the structure and the conversion from
a polymer to a glassy carbon, which is ideal for the prevention
of x-ray dose-induced deformations or damage.42 One challenge
associated with pyrolysis involves deformations of the structure dur-
ing the shrinking process as the part of the structure attached to
the substrate will retain its pre-pyrolysis dimensions. To ensure
the homogeneous shrinkage of the geometry, we fabricate the tri-
pod structure on a hemi-spherical support, which we have found
is a robust technique to maintain complex 3D geometries during
resizing, as shown schematically in Fig. 1(b). The homogeneous
shrinking of the structure provides a key advantage of this com-
bined process, allowing one to overcome the elongated cross section
of wires typically obtained with high resolution two photon lithog-
raphy and pattern truly arbitrary geometries with a high degree of
accuracy.

Specifically, the 3D polymeric microscaffold fabricated with
two-photon lithography [see Fig. 1(a)] consists of a tripod struc-
ture with 60○ inclined branches with angles between the nanowires
of 120○, a cylindrical diameter of 800 nm, and a length of 8 μm,
centered on a hemisphere shaped support with a diameter of
15 μm. To ensure compatibility with x-ray microscopy measure-
ments, the structure is fabricated on an x-ray transparent silicon
nitride membrane. In order to shrink the tripod to the nanoscale, the
polymeric scaffold was pyrolyzed by heating the sample to 690 ○C
in a nitrogen atmosphere for 5.2 h, leading to a reduction in size of
70%. In particular, the diameter of the half-sphere reduces to 4 μm,
while the tripod branches were reduced to a length and diameter of
880 and 160 nm, respectively, maintaining the 60○ inclination.

In a final step, the pyrolyzed scaffold was coated with 30 nm of
GdCo using DC magnetron sputtering that offers the deposition of a
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FIG. 1. Sample fabrication in three steps: (a) Fabrication of a polymeric microscaffold on a hemisphere support with two-photon lithography. (b) Pyrolysis of the polymeric
microscaffold, resulting in ∼70 % shrinkage. (c) Coating of a magnetic GdCo layer with DC magnetron sputtering.

high-quality amorphous magnetic material with high x-ray magnetic
circular dichroism (XMCD) contrast and low magnetocrystalline
anisotropy. During the deposition, the stage is rotated to improve
the homogeneity of the film and give a uniform deposition, as shown
in Fig. 1(c). Due to the non-local nature of the deposition, the mate-
rial is deposited both on the tripod structure and on the surface of
the support pillar, providing an interface between the 2D film and
the 3D nanostructure.

III. IMAGING OF THREE-DIMENSIONAL MAGNETIC
CONFIGURATION

Having fabricated our 3D magnetic nanostructure, we next
consider its as-grown 3D magnetic configuration and the influ-
ence of the non-trivial 3D geometry. Traditional techniques used
for the characterization of artificial spin systems have involved the
use of surface-sensitive techniques, such as x-ray photoelectron
emission microscopy (X-PEEM), which provides access to the sur-
face magnetization, or magnetic force microscopy (MFM), which
offers surface sensitivity to local charges in the magnetization. For
3D artificial spin systems, however, we require a high spatial res-
olution depth-sensitive probe of the magnetization state. For this,
we turn to 3D x-ray magnetic imaging techniques, which offer a
nanoscale mapping of the 3D magnetization through the thickness
of a system.45,46,48,49 First developed for the tomographic geometry,

3D x-ray magnetic imaging has led to the observation of magnetic
features within the bulk, such as Bloch point singularities48,49

and magnetic vortex rings.50 The extension to the laminography
geometry,45,46 where the rotation axis is no longer perpendicular
to the x-ray beam, has made possible the study of the statics and
dynamics of extended samples,45,46,51 opening the door to the study
of lithographically patterned structures mounted on x-ray transpar-
ent membranes, such as our current system. Here, we exploit soft
x-ray magnetic laminography to map the static three-dimensional
magnetic configuration of the tripod nanostructure.

A. X-ray magnetic laminography
Synchrotron x-ray magnetic laminography involves the mea-

surement of 2D projections of the magnetization for different sam-
ple orientations about a rotation axis. As shown schematically in
Fig. 2(a), the laminography rotation axis is oriented at 45○ to the
x-ray beam. Sensitivity to the magnetization is obtained by exploit-
ing x-ray magnetic circular dichroism (XMCD). Specifically, the
energy of the x rays is tuned to the L3 absorption edge of Cobalt, and
scanning transmission x-ray microscopy (STXM) images are mea-
sured with circular left and right polarized x rays, providing access
to the projection of the magnetization parallel to the direction of the
x-ray beam46,52 (see the supplementary material).

XMCD projections of the magnetic tripod nanostructure ori-
ented at angles of 0○, 96○, 180○, and 272○ about the rotation axis
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FIG. 2. (a) Soft x-ray laminography setup with the rotation axis tilted at 45○ to the x-ray beam. The samples are scanned by a nanofocused x-ray beam, detected in
transmission using a photodiode. The sample stage is rotated around its normal (laminography rotation axis). 2D projections of the electronic contrast (b)–(e) and the
magnetization (f)–(i) of the magnetic tripod nanostructure on a micropillar at different sample rotation angles. (b)–(e) In the projections of the electronic contrast, as the
angle is changed from (b) to (e), the projection of the symmetric pillar is constant, while the tripod can be seen to rotate. (f)–(i) In the 2D projections of the XMCD contrast
(double-headed arrow) that indicates the direction of the magnetization parallel to the direction of the x rays (indicated by the blue arrow), significant changes in the
contrast with angle can be observed. The purple arrow tracks a domain wall in the side of the pillar, thus indicating the direction of rotation of the sample. Scale bars
represent 1 μm.

are given in Figs. 2(b)–2(e), where bright and dark regions cor-
respond to the magnetization pointing parallel and antiparallel to
the x-ray beam, respectively. As can be seen in the projections, the
XMCD signal is not limited to the tripod structure, but is a combi-
nation of signals from the planar film background, the micropillar,
and the 3D nanostructure, confirming the fact that the 3D nano-
structure is surrounded by a continuous film, as expected from the
deposition.

We can first obtain an indication of the magnetic structure by
considering the 2D XMCD projections in Figs. 2(b)–2(e). We note
that the x rays are incident along the plane parallel to the vertical
axis of the image, indicated by the blue arrow (k), meaning that the
bright and dark regions correspond to the magnetization aligning
parallel and antiparallel to this direction. The laminography angle is
45○, meaning that both the in-plane and out-of-plane components
of the magnetisation are probed. We first note a structure in the
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magnetization in the side wall of the support pillar [indicated by the
purple arrow in Figs. 2(b)–2(e)] that corresponds to the presence of
a change in the direction of the magnetization and a domain wall.
As we rotate the sample, we observe that the domain wall rotates
until at 180○, the structure is found on the other side. Interestingly,
we can see that the contrast of the domains does not change as the
sample is rotated, indicating that the magnetization is aligned par-
allel to the rotation axis. Second, we also observe magnetic domain
structures in the flat plane on the top of the support pillar that, after
a rotation of 180○, change contrast, indicating that they are oriented
perpendicular to the rotation axis, in the plane of the sample.

While a first indication of the magnetic configuration can
be obtained by comparing 2D projections at different angles,
to determine the exact 3D magnetic configuration, we perform
magnetic laminography. Specifically, we measure 94 XMCD pro-
jections equally spaced about 360○. The 3D magnetization con-
figuration is, then, reconstructed using a graphics processing unit
(GPU) implementation of the gradient-based optimization routine
presented in Ref. 52.

B. Reconstruction of the 3D magnetic vector field
The reconstruction of the 3D magnetic vector field is shown

in Fig. 3(a) where one can see the configuration of all three parts
of the structure: the sides and top surface of the support pillar and
the magnetic tripod itself. Two further views of the reconstruction
at different orientations are given in the supplementary material
in Fig. 1.

We start by considering the larger magnetic structure of the
support pillar surface in which the ends of the tripod legs are embed-
ded. In agreement with our interpretation of the 2D projections
of the structure, we observe that the magnetization on the sides

of the pillar is generally aligned in the plane of the film, parallel
to the rotation axis, and forms domains of opposite directions of
the magnetization, indicating the presence of uniaxial anisotropy.
This is in contrast to the top surface of the pillar, where the mag-
netization lies in the plane, but does not display a preferred orien-
tation. This difference in the orientation of the magnetization can
be understood by considering the deposition of the material: the
GdCo film is deposited at an angle of 45○ to the substrate, and
the sample is rotated about its normal during the deposition. For
a material deposited at a constant oblique angle to a surface, an in-
plane anisotropy parallel to the direction of deposition is known to
occur.53 For the top surface, the continuous in-plane rotation during
deposition removes this anisotropy. However, on the vertical sides of
the pillar, shadowing effects mean that a vertical uniaxial anisotropy
is induced, resulting in the observed domains.

In contrast to the well-defined domains that form on the ver-
tical sides of the support pillar, on the top surface, a more twisted
magnetic configuration is observed, which appears to relate to the
magnetic configuration of the tripod. Indeed, when considering the
magnetic structure of the tripod in Figs. 3(b) and 3(c), one can
see that the magnetic moments in each of the branches are aligned
with the shape geometry, forming a macroscopic moment along the
longitudinal axes [Figs. 3(d) and 3(e)]. These uniaxial orientations
demonstrate the successful realization of macroscopic Ising spins in
the building block of a 3D artificial spin system.

The tripod is in effect a 3D vertex with three branches and,
therefore, an effective extension of the in-plane frustrated kagome
spin ice4,54 into the third dimension. Indeed, the system represents
a step between the in-plane kagome system and the out-of-plane
kagome55 or triangular56 Ising spin lattices and, thus, represents an
opportunity to explore the phase space between the two systems.

FIG. 3. Reconstruction of the 3D magnetic vector field of the tripod nanostructure on a support pillar. (a) The overall reconstructed configuration of the sample, showing the
ẑ orientation of the side walls, and the in-plane magnetization of the top surface of the support pillar. The configuration of the tripod is shown in (b)–(e), where one can see
from the side (b) and (d) and top (c) and (e) views that the tripod forms a two-in one-out Ising spin state, shown schematically in (f) and (g). Scale bars represent 500 nm.
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Similar to the magnetic configurations of the vertices of the 2D
kagome ice, we expect there to be six degenerate ground states of
the isolated vertex, which consist of the different combinations of
two macroscopic moments pointing into or out of the vertex and
the third one being reversed. In addition, higher energy states are
formed when all three macroscopic moments point into or out of
the vertex.

Here, while in two branches, the macroscopic moment is point-
ing upward toward the center of the vertex, the spin of the third
branch is reversed. This two-in, one-out magnetic configuration is,
indeed, analogous to a lowest energy spin ice configuration of a ver-
tex in the 2D artificial kagome spin ice. In addition, this magnetic
configuration has been observed in micromagnetic simulations of
buckyball structures, consisting of 3D vertices with three branches.47

We note that there is a link between the magnetic configuration
in the tripod and that of the 2D thin film to which it is connected.
Here, we observe, in the as-grown magnetic state, that the magne-
tization on the top surface of the pillar forms a twisted state that
follows the magnetic moments of the tripod branches. This pro-
motes the smooth transition between the magnetization in the 2D
film and the 3D structure and, therefore, a lower energy state. In
particular, the interface between the 2D film and the 3D structure
could be exploited to lift the degeneracy of the two-in (out), one-out
(in) states.

With the reconstruction of the 3D magnetic vector field of
the sample, we are able to map out the magnetic configuration of
both the 3D nanostructure and its surroundings, providing insights
into the interplay between the tripod and the surface of the pillar.
This direct access to the 3D magnetic configuration is immediately
extendable to thicker systems, opening up the study of artificial spin
systems made up of several layers, which is not possible with surface-
sensitive characterization methods, such as MFM. Furthermore, the
observation of the interplay between the magnetic configuration in
the 2D film and the 3D structure opens up new routes to control
3D artificial spin systems by lifting the degeneracy of frustrated spin
states with the magnetic underlayers. Analogous to the use of nano-
magnets with different switching fields for nanomagnetic logic10

and the introduction of a switchable underlayer in 2D artificial spin
systems,57 the 2D magnetic film could be exploited to control the
magnetic state of the 3D vertex. In addition, by switching its mag-
netization with an external magnetic field or current, the film could
act as an injection pad for domain walls,41 offering a route to the
controllable injection of emergent magnetic charges into the spin
system.

IV. CONCLUSIONS AND OUTLOOK
In this work, we have realized a nanoscale building block of a

three-dimensional artificial spin system on top of a planar magnetic
film. By determining the magnetic configuration of the tripod struc-
ture and its surroundings with soft x-ray magnetic laminography,
we find that each of the three nanoscale branches are single domain
and, thus, represent a macroscopic Ising-like spin. A low energy spin
ice state was observed in which the magnetic moments of two tri-
pod branches are pointing into the 3D vertex, while the moment
is reversed in the third branch. Moreover, in contrast to isolated
systems with multiple degenerate vertex states, here, the magnetic
configuration is determined by both the 3D geometry and the

interface with the magnetization of the underlying 2D film. Indeed,
this 2D film can be exploited to lift the degeneracy of the vertex states
and be used for the controlled injection of magnetic charges into a
3D artificial spin system.

The nanoscale three-dimensional vertex structure was achieved
via a combination of two photon lithography and pyrolysis. Key to
the realization of the 3D geometry with nanoscale resolution was
the development of a support structure, which ensured the homo-
geneous shrinkage of the 3D geometry during pyrolysis. This route
to achieving 3D geometries with nanoscale dimensions and arbitrary
geometries opens the door to the realization of robust 3D scaffolds
with feature sizes significantly smaller than those achievable with
standard two-photon lithography. In such a vertex nanostructure,
the control over the 3D geometry allows for the frustration of the
building block to be tuned by the variation of the inter-nanotube
angles. Moreover, the technique offers the possibility of imple-
menting a large variety of geometries and shapes. For example,
combining multiple building blocks could lead to the realization
of designed, complex 3D lattices, opening the door to the experi-
mental study of phenomena, such as charge propagation in 3D that
could be revealed by tracking the three-dimensional configuration
under the application of magnetic fields. Understanding such com-
plex three-dimensional magnetic systems necessitates a step-by-step
approach, and the enhanced understanding of the magnetic behav-
ior of three-dimensional building blocks is an important step toward
the elucidation of the behavior of truly three-dimensional artificial
spin systems.

SUPPLEMENTARY MATERIAL

See the supplementary material for further details of the sample
fabrication and the x-ray laminography measurement.
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