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Realization of Complex-Shaped Magnetic Nanotubes with
3D Printing and Electrodeposition

Claudia Fernández-González,* Pamela Morales-Fernández, Luke Alexander Turnbull,
Claas Abert, Dieter Suess, Michael Foerster, Miguel Á. Niño, Pawel Nita, Anna Mandziak,
Simone Finizio, Nuria Bagués, Eva Pereiro, Amalio Fernández-Pacheco, Lucas Pérez,
Sandra Ruiz-Gómez,* and Claire Donnelly*

The expansion of nanomagnetism to the third dimension leads to phenomena
such as curvature-induced magnetochirality and anisotropy, which
can significantly influence the behavior of magnetic textures. One of the
most promising systems is the magnetic nanotube – where intrinsic curvature
effects are present. However, studies of magnetic nanotubes remain limited to
straight systems, and little is known about the influence of 3D geometries. In
this work, three dimensional (3D) complex-shaped nanotubes are fabricated
by combining nanoprinting with the conformal deposition of magnetic films.
Specifically, 3D conductive non-magnetic tungsten scaffolds are fabricated
using focused electron beam induced deposition and subsequently coated
with a nickel magnetic shell, resulting in complex-shaped magnetic nanotubes
whose geometry can be controlled by tuning the electron-beam parameters
and electrodeposition conditions. Performing X-ray microscopy revealed that
nanotubes of various geometries host a vortex-like azimuthal state, and that the
energy landscape of the magnetic configuration can be tailored geometrically.
Specifically, the pinning ofmagnetic domainwalls at curved vertices is observed
experimentally and confirmed with micromagnetic simulations, offering
geometrical control of magnetic configurations in nanotube architectures.
This approach provides a new pathway to fabricate and study complex 3D
core-shell magnetic structures, facilitating experimental investigations of their
fundamental properties, key for the next-generation of spintronic devices.
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1. Introduction

The natural extension of two dimen-
sional (2D) films to curved geometries
leads to new physical phenomena associ-
ated with geometric symmetry breaking. In
magnetism, this introduction of curvature
leads to the emergence of new properties
such as curvature-induced anisotropy and
magnetochirality.[1–3] One of the simplest
structures encompassing this curvature is
the nanotube, where symmetry breaking as-
sociated with the curved, tubular geometry
has been predicted to result in asymmetric
domain wall (DW) propagation and spin
wave emission.[1,4–8] Additionally, the topol-
ogy of the nanotube - where the magnetic
material wraps around a core continuously,
without the edges of two dimensional
nanostrips - has been predicted to facilitate
ultrafast DW propagation.[9–12] As a result,
nanotubes represent a promising platform
for the development of efficient, versatile,
and multifunctional technologies.[13–18]

More generally, the extension to 3Dnano-
geometries offers a number of additional
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opportunities for magnetic systems - from the creation of chi-
ral geometries leading to the formation of chiral and topolog-
ical spin textures in achiral materials,[19–21] lateral curvature in
nanowires allowing for the manipulation of the energy land-
scape of DWs,[22–24] as well as the prospect for high intercon-
nectivity, a key aspect for the move to non-traditional computing
architectures.[25]

However, so far such three dimensional (3D) phenomena
have only been explored experimentally in the context of solid
nanowires,[23,26–30] and investigations of magnetic nanotubes
have been mainly limited to straight structures.[31–38] Indeed,
the patterning of nanoscale 3D nanotube structures requires
the combination of conformal deposition techniques with 3D
nanoscaffolds. The combination of two-photon lithography and
conformal deposition has led to the realization of 3D chiral and
woodpile microstructures with atomic layer deposition,[39,40] and
buckyball, spin ice and trefoil knot structures with electroless
deposition,[41] albeit with tube diameters of hundreds of nanome-
tres to micrometres. First realisations of nanotube geometries
at spatial resolutions comparable to the characteristic lengths
of nanomagnetism - i.e., on the order of tens of nanometres
- has been achieved through the post-pyrolysis of two-photon
lithography scaffolds,[42] as well as the combination of focused
electron beam induced deposition with chemical vapor deposi-
tion (CVD) to synthesize curved 3D nanotubes suspended be-
tween prepatterned contact pads.[43] However, the fabrication of
complex-shaped magnetic nanotubes featuring curvature, vortic-
ity, helicity, or other intricate geometries remains challenging,
and the influence of 3D geometries on the magnetic properties
of nanotubes remains to be explored.
In this work, we present the experimental realisation and in-

vestigation of complex-shaped 3D nanotubes. To fabricate these
structures, we combine Focused Electron Beam Induced Depo-
sition (FEBID), with electrodeposition (ED) to achieve complex-
shaped cylindrical nanotubes, including straight, helical, and
zigzag nanotubes that encompass vertices. We gain insight into
themagnetic configuration of these 3D nanotubes by performing
X-ray photoelectron emission microscopy with X-ray magnetic
circular dichroism (XMCD-PEEM), and reveal that they consis-
tently exhibit an azimuthal magnetic configuration. By compar-
ing the magnetic configuration of different geometries, we deter-
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mine that designing the 3D structure of the nanotubes allows for
the manipulation of the energy landscape of DWs. In particular,
analogous to the pinning of transverse walls in curved magnetic
nanowires, we observe that the vertices act as pinning sites, an
effect that we confirm with finite element micromagnetic sim-
ulations. This new fabrication capability, combined with the in-
sight into the influence of 3D geometries on the properties of
nanotube structures, offers a route to explore the manipulation
of magnetic textures in nanotubes of complex geometries.

2. Fabrication of 3D Nanotube Structures

To create 3Dmagnetic nanotube structures with arbitrary geome-
tries, we combine 3D nanoprinting of a non-magnetic scaffold
with the electrodeposition of magnetic materials. The fabrication
process is presented in Figure 1. First, 3D non-magnetic nanos-
tructures are directly printed on top of a conductive substrate
by Focused Electron Beam Induced Deposition[44,45] (Figure 1a).
Specifically, the 3D scaffolds are first designed with computer
aided design software (CAD). Beam scanning patterns for the
scanning electron microscope are then generated using the f3ast
program[45,46] and used for the growth of the 3D scaffolds. In a
second step, the sample is connected to an electrochemical cell
to carry out the deposition of the magnetic shell on the con-
ductive nanostructure (Figure 1b). After the electrodeposition,
a core-shell structure of complex 3D geometry is obtained (see
Figure 1c).
To prevent deposition of the magnetic layer on the wider con-

ductive surface, and limit the growth to the 3D nanostructure,
the substrate was prepared as follows. An insulating layer was de-
posited to passivate the surface of the substrate before the scaffold
was grown. To ensure proper current flow through the FEBIDW-
C nanoscaffold (hereafter referred to asW), the insulating layer is
selectively removed using Focused Ion Beam (FIB) etching prior
to the nanoprinting process. The design of the sample for the case
of silicon substrates is illustrated in Figure 1c, combining Au and
AlOx layers. In this way nanotubes of arbitrary geometry can be
fabricated. We present the realisation of three different nanotube
geometries in Figure 1d,e,f. For each of these geometries, SEM
images of the non-magneticW scaffolds are presented on the left.
In the middle image, the nanostructure is shown following the
deposition of the homogeneous Ni shell that covers the surface of
the W to form the magnetic nanotubes. Finally, to visualize the
relative dimensions of the core and shell components, the col-
ored images presented on the right highlight the W core in pink
and the magnetic shell in blue.
To verify the conformal growth of the Ni layer achieved by

this multi-step fabrication method, Scanning Transmission Elec-
tron Microscopy - Energy Dispersive Spectroscopy (STEM-EDS)
analysis was performed on cross sections of the nanostructures
extracted with FIB (see Figure 2). Multiple lamellae were ex-
amined to assess the uniformity of Ni deposition in all direc-
tions, confirming the conformal coating of the magnetic shell.
In the schematics shown in Figure 2a,b, the red planes indicate
the orientation of the cross-sections extracted by FIB, which cor-
respond to the High-Angle Annular Dark-Field (HAADF) im-
ages shown in Figure 2c and Figure 2e, respectively. Prior to
lamella preparation, the samples were coated with a thin Au layer
to prevent implantation of Ga ions during the FIB process. By
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Figure 1. Fabrication of 3D nanotubes. a) Step 1: Direct patterning of the conductiveW 3D nanostructure scaffolds by FEBID. b) Step 2: Electrodeposition
of a magnetic nickel shell (CE: Counter Electrode; RE: Reference Electrode; WE: Working Electrode; A: current measurement; V: voltage application). c) A
schematic of the resulting 3D nanotube structure is shown, where the non-magnetic tungsten core is given in pink, and the magnetic nickel shell given
in blue. d,e,f) From left to right: scanning electron microscopy (SEM) images showing W nanostructures, W nanostructures covered with the Ni shell,
and superimposed images to highlight the different layers of the nanostructure. Scale bar corresponds to 200 nm in all images.

comparing the HAADF images with the corresponding EDS ele-
mental maps, the different materials within the structure can be
clearly identified. The images reveal an amorphousWmatrix uni-
formly coated by a polycrystallineNi shell. TheNi layer consists of
grains with varying crystallographic orientations, indicating the
absence of a preferential growth direction. From left to right, the
elemental maps display the total elemental distribution, followed
by individual maps for W, Ni, C, and O. In panel (f), W was used
as a support material during lamella preparation, which is the
reason for its presence across the field of view. With these EDS
maps, we can confirm that theW core is homogeneously covered
by the Ni shell, with a smooth interface and no apparent oxida-
tion. It should be noted that the intensities of the C and O maps
were enhanced to improve visibility, and therefore the data for
these elements are qualitative. When one considers normalized
line profiles in Figure 2, negligible oxygen signal is observed at
the W/Ni interface. The Ni signal is symmetric with respect to
the W core in both profiles, further confirming the uniformity of
the shell thickness. In (b), a slight increase in oxygen is observed
on the outer surface of the Ni layer, which can be attributed to
natural oxidation upon air exposure. However, this value may be
overestimated as a result of the time elapsed between electrode-
position and lamella preparation (one year). Finally, we note that
the Ni grain highlighted in white in panel (f) originated from an
accidental second electrodeposition step and was not part of the
original structure.

Having demonstrated the fabrication of 3D magnetic nan-
otube structures of a variety of geometries, we now turn our atten-
tion to the key geometric parameters of the nanotubes – specifi-
cally, the inner diameter and shell thickness – which play a cru-
cial role in determining their magnetic configuration. Notably, by
adjusting the inner diameter, it is possible to induce a transition
from an axial to an azimuthalmagnetic configuration.[47,48] In our
approach, we are able to tune the inner diameter and thickness of
the nanotubes by adjusting the electron beam current and voltage
during the growth of the scaffold with FEBID.[49–51] We first con-
sider the effect of increasing the beam current during FEBID by
growing vertical nanowires with varying electron beam current.
By comparing SEM images of W scaffold pillars grown with dif-
ferent currents (see Figure 3a, the complete set of SEM images
is given in Figure S1, Supporting Information), the influence of
the electron beam current on the morphology becomes evident.
Pillars grown at low current values exhibit a narrower and con-
stant diameter throughout the length of the wire. As the current
increases, the pillar diameter expands, and a more conical shape
begins to emerge, with a wider base, and a narrow tip at the end
of the nanowire. Higher currents result in a larger diameter and
a more pronounced pyramidal shape. This effect is particularly
evident for current values around 2.8 nA and above, as can be
seen in the Supporting Information.
In addition to the electron beam current, we also consider the

influence of the electron beam voltage on the morphology of
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Figure 2. Morphology and compositional analysis ofW/Ni nanotubes. a,b) Schematics showing the cross-sectional planes (red) analyzed in both straight
and zigzag nanotubes, along with the corresponding compositional line profiles extracted from the regions marked by green lines in images (c) and (e),
respectively. c,e) HAADF images and d,f) corresponding EDS maps illustrating the spatial distribution of W, Ni, C, and O. The white dashed line in (f)
highlights a defect in the Ni shell originated from an accidental second electrodeposition step. The scale bar represents 200 nm in all images.

the pillars. Higher voltages result in thinner tubes with a uni-
form diameter, thus providing an improved cross-sectional spa-
tial resolution, as seen in Figure S1 (Supporting Information). In
Figure 3b, the values of the W scaffold diameters are plotted as a
function of the electron beam current and voltage. It can be seen
that narrower and more uniform nanowires can be achieved for
lower currents and higher voltages, offering a route to tailor the
inner diameter and 3D geometry of the nanotubes.[51]

Together with the inner diameter influencing the magnetic
configuration, the thickness of the nanotube shell also impacts
the magnetic state. Theoretical models predict that an increase
in the nanotube thickness will promote the azimuthal magnetic
configuration.[52] To gain control over the thickness of the film
with high precision, the growth rate of the electrodepositionmust
be well-defined. While the inner diameter of the nanotube can be
varied by changing the FEBID deposition parameters, this also
leads to changes in composition (W and C content) in the in-
ner scaffold, which can impact the conductivity,[53–55] and thus
the growth rate of the magnetic shell. To determine the reliabil-
ity of the growth process and deposition rate, we determine the

deposition rate of Ni as a function of growth parameters of the
W scaffold (VFEB and IFEB). When these are plotted in Figure 3c,
we observe that as the VFEB is increased, the growth rate of Ni
increases from 29 ± 11 nms−1 with 6 kV to 37 ± 5 nms−1 with
30kV. The growth rate is also observed to increase with IFEB, albeit
slightly, indicating that the Ni deposition rate is predominantly
influenced by the VFEB. In both cases, larger VFEB and IFEB would
result in the composition of the scaffold being affected,[56,57] mak-
ing the W scaffold more conductive, reducing the ohmic drop in
the electrode, increasing the cathodic density current and thus
promoting higher growth rates. As the deposition rate of the Ni
layer is mainly tuned by voltage of the FEBID process, and the
inner diameter by the FEBID current, we therefore have an ef-
fective way to tune the geometric properties of the nanotubes.

3. Magnetic Configurations of 3D Nanotubes

Having demonstrated our fabrication technique to provide a ro-
bust route to realizing 3D magnetic nanotube architectures, we
next consider their magnetic configuration, and the influence the
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Figure 3. Relationship between deposition parameters and morphology of FEBID-ED straight nanotubes. a) SEM images of W single pillars, with the Ni
shell, and superimposed W-Ni images presented. All pillars were grown via FEBID at 2e−7 mbar, using a beam voltage of 30 kV and a deposition time of
60 s. b,c) The dependence of the inner diameter of W pillars and the Ni electrodeposition rate on the e-beam current (IFEB) and voltage settings (VFEB)
during the FEBID deposition of W scaffolds is illustrated. The scale bar corresponds to 100 nm in all images.

3D geometry can have. In general, there are twomain types of do-
main configurations that can be present in magnetic nanotubes:
the axial domains, in which the magnetisation aligns with the
long axis, and azimuthal domains, in which the magnetization
circulates around the tube. For both of these configurations, the
presence of domain walls offers an opportunity to propagate in-
formation, or to excite spin waves in a system.[10,58] In 2D sys-
tems, or 3D nanowires, the geometry is well known to influence
the domain wall energetics, and can be harnessed to realize, for
example, controlled motion in devices.[23,59–62] A first insight into
the influence of a curved nanotube on the domain wall energet-
ics was gained with micromagnetic simulations[63] for the axial
state. However, the lack of a suitable fabrication technique has
limited experimental investigations of such effects in nanotubes
until now.
Having established a protocol for the nanofabrication of mag-

netic nanotube architectures with arbitrary 3D geometries, we
now have the ability to experimentally explore the influence of
3D geometries on the magnetic configuration. We performmag-
netic microscopy to determine the magnetic configuration of the
nanotubes, and gain insight into the magnetic properties of the
deposited Ni shell. Specifically, we perform X-ray photoemission
electron microscopy (PEEM) in the shadow geometry,[30,64–66]

where X-rays illuminate the sample at grazing incidence to
the substrate (see Figure 4a). In this configuration, the vertical
nanotubes cast a shadow in the X-ray illumination of the sub-
strate, which allows one to probe the spatially resolved absorp-

tion of the nanostructures, and thus probe the properties of the
nanostructures.[67] We perform shadow PEEMwith the X-ray en-
ergy tuned to the Ni L3 edge, and measure images with positive
and negative circular polarisation, exploiting X-ray magnetic cir-
cular dichroism (XMCD) to obtain projections of the component
of the magnetisation parallel to the X-ray beam.
Dichroic projections reveal a strong XMCD signal, and a

change in contrast in the direction perpendicular to the long axis
of the tubes (see Figure 4b). This contrast is consistent with an
azimuthal orientation of the magnetization, as it has been pre-
dicted theoretically for nanotubes of this range of diameter and
thickness.[47] Indeed, when we perform finite element micro-
magnetic simulations of the magnetic state of a nanotube of sim-
ilar geometry, we observe an azimuthal state, shown in Figure 4c.
In this configuration, the magnetic moments lie tangential to the
tube surface, and circulate around the long axis of the nanotube.
In the case of the nanotubes shown here, due to the conformal
growth of themagnetic shell, the azimuthal state is characterized
by the presence of a magnetic vortex at the closed end of the tube
(see Figure 4c, top). The strong XMCD signal, and the azimuthal
state observed experimentally in the nanotubes further confirms
the high quality, homogeneous shell of the nanotubes.
Having determined the presence of the azimuthal config-

uration in a straight nanotube, we next consider more com-
plex geometries. As seen for the straight nanotube presented in
Figure 4b, we observe the same azimuthal state in both the heli-
cal nanotube presented in Figure 4d, as well as for the “zigzag”
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Figure 4. Observation of magnetic vortex state in complex-shape nanotubes by shadow-PEEM. a) Schematic of the XMCD shadow-PEEM measure-
ments. b) SEM, absorption projection, and XMCD projection of a straight nanotube structure. The XMCD projection is consistent with the azimuthal
configuration. c) Micromagnetic simulation of a straight nanotube in the remanence state, exhibiting the same azimuthal configuration. d,e) Corre-
sponding SEM, absorption images and XMCD images of the “as grown” state for d) a helical nanotube, and e) a zigzag nanotube structure. d) the
helical nanotube exhibits a single azimuthal domain configuration, whereas e) the zigzag structure exhibits multiple azimuthal domains, separated by
DWs, that are indicated by the red arrows in the XMCD projection. The projection of the nanostructures is enlarged by a factor of 3.5x in the direction of
the incident X-rays. Red and blue circles in XMCD images show the direction of the magnetization vector. Scale bar is 500 nm in all images.

nanotube with vertices in Figure 4e. Overall, considering that
more than 40 nanotubes were characterized, the vast majority of
themwith Ni film thickness above 120 nmwere observed to be in
the azimuthal configuration, independent of the nanotube geom-
etry, indicating that the azimuthal state is a well defined ground
state of the system.
As well as being able to define particular domain configura-

tions, obtaining control of magnetic defects such as DWs rep-
resents an important technological goal. DWs not only play an
important role in mediating reversal processes (and providing
control over the magnetic configuration), but offer additional
prospects such as acting as information carriers[16,68] and as spin
wave emitters.[6,69]

So far we have observed that in straight or helical nanotubes
that have constant curvature or torsion, the nanotube always
forms a single domain azimuthal state (see Figure 4b,d). How-

ever, in the zigzag structure, which incorporates vertices with lo-
cal high curvature, a multi-domain state is commonly observed,
with the presence of DWs that can be identified by an abrupt
change in the azimuthal contrast with height. Examples of such
DWs are highlighted by red arrows in Figure 4e, where they can
be seen to form at what appear to be regular intervals within
the structure.

4. Curvature-Induced Domain Wall Pinning

To determine whether DWs form at specific regions within the
zigzag nanotube, the magnetic configuration was imaged after a
series of different initialization procedures. In particular, during
these initialization processes, an external magnetic field strong
enough to saturate the magnetic configuration was applied ei-
ther perpendicular or parallel to the long axis of the nanotube
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Figure 5. Pinning statistics in zigzag nanotubes. a) From left to right: SEM image of a zig-zag nanotube; shadow projection of the nanotube; XMCD
images of the "as grown" state and after the application of external magnetic field of 0.3 T in the direction of the blue arrow). b) Histogram of DW pinning
positions occurring in different regions of the nanotube. c) Schematics of the cross-section of a cylindrical nanotube with a Néel type and Vortex-Anti-
Vortex (V-AV) type DWs. d,e) Micromagnetic simulations of Néel and V-AV DW at the vertex of the nanotube, respectively. f) Snapshots of the different
positions of a V-AV DW through the zigzag nanotube, obtained by micromagnetic simulations under the application of a current density of 1012 Am−2.
g) Evolution of DW energy along the nanotube for V-AV DW. h) Exchange and magnetostatic contributions to the DW energy for the V-AV DW.

structure. XMCD projections of the nanotube structure in the
“as-grown” state and after the application of 300 mT in the di-
rection perpendicular to the long axis of the nanotube, are given
in Figure 5a XMCD. To help with the interpretation of the XMCD
projections, a SEM image and the shadow absorption projection
of the nanotube structure are given. In the XMCD projection, in
contrast to the straight and helical nanowires, domains of differ-
ent azimuthal circulation are observed, between which DWs can
be observed (highlighted by red arrows).
Indeed, multi-domain configurations with DWs are observed

after all initialisations (see Figure S2, Supporting Information).
When the positions of the DWs are plotted as a histogram next
to the XMCD images in Figure 5b, 94% of the DWs consistently
nucleate at heights corresponding to the vertices of the nanotube
geometry (indicated by green dashed lines). Only oneDWwas ob-
served near a vertex location (corresponding to the grey dashed

line, Figure S2(iii), Supporting Information). These findings sug-
gest the presence of a local energy minimum or pinning site for
DWs at the vertices.
To determine the source of this pinning, we performed finite

element micromagnetic simulations of a bent nanotube with a
well-defined vertex using the finite element micromagnetic soft-
ware package Magnum.pi.[70] First, we nucleated the DW at the
vertex by defining two domains with opposite azimuthal orienta-
tions of the magnetization and relaxing the configuration.
During these simulations, it was possible to stabilise two types

of DW at the vertex (see Figure 5c). The first was a Néel type DW
where the magnetisation rotates about the radial direction of the
nanotube, tilting from one domain to another. The second DW
observed is a vortex-antivortex (V-AV) DW, characterized by a V-
AV pair that forms within the DW, on opposite sides of the nan-
otube. The Néel wall was found to have a much higher energy
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density than the V-AV wall (1.69 10−17 Jm−3 vs 1.39 10−17 Jm−3),
indicating that the V–AV configuration is more likely to be the
stable DW state at the vertex of this structure.
To determine whether there is a pinning effect of the vertex,

the total energy of the V-AV DW was calculated by micromag-
netic simulations as a function of position along the nanotube. To
propagate the DW along the tube, a current of 1012 Am−2 was ap-
plied between both ends of the tube, making use of the Zhang Li
model to describe the spin torque.[71,72] This spin-transfer torque
is expected to have aminimal effect on the domain wall structure,
thereby providing a realistic estimation of the energy landscape
as the domain wall propagates through the nanotube. For each
position of the DW along the nanotube, the energy of the system
was recorded in the presence of the current. The energy of the V-
AV DW is plotted as a function of the DW position along the bent
nanotube in Figure 5g. Five distinct positions are highlighted in
the graph, corresponding to snapshots plotted in Figure 5f. These
regions represent: i) the DW at the center of the vortex, ii, iv)
the DW at the edge of the curved region, and iii, v) the DW at
the straight part of the nanotube. The total energy of the V-AV
wall decreases as the DW traverses the bent region (i), indicating
the presence of a local energy minimum in the region of highest
curvature, which is consistent with the preferential formation of
DWs at the vertices observed experimentally.
To understand the origin of this local minimum, we consid-

ered the exchange and magnetostatic contributions separately.
The local energy minimum at the vertex of the tube (i) is pro-
nounced as both the exchange and magnetostatic energies reach
their minimum values at this position (see Figure 5h). How-
ever, it can be seen that the decrease in magnetostatic energy
is 4 times larger than for the exchange, indicating that this is
a magnetostatics-dominated effect. These experimental and nu-
merical results reveal that the vertex geometry - specifically the re-
gions of high curvature - leads to effective pinning site for DWs in
nanotubes with azimuthal domains, offering a route to the con-
trol of domain walls in nanotube geometries.
Moreover, themicromagnetic simulations reveal that these do-

main walls can propagate under the application of an electric cur-
rent. This is particularly relevant for future experiments where
domain wall motion can be induced by electrical currents, al-
lowing for the evaluation and comparison of the contributions
from spin-orbit torque and the Oersted field. In fact, the Oersted
field generated by the current may offer an especially efficient
mechanism to drive domain wall motion, particularly in nan-
otubes with azimuthal magnetization. Unlike axial systems—
where large current densities are typically required to move do-
main walls—the azimuthal configuration enables more efficient
propagation at lower current. This characteristic is highly ad-
vantageous for future experiments and potential device applica-
tions focused on current-driven DW dynamics in magnetic nan-
otube systems.

5. Conclusion and Outlook

In conclusion, we have achieved the experimental realisation
of 3D magnetic nanotubes of arbitrary geometry through the
growth of conductive 3D nanoscaffolds with focused electron
beam induced deposition, and the subsequent electrodeposition
of a magnetic shell. We demonstrate the fabrication of three dif-

ferent geometries of nanotubes - straight nanotubes, helical nan-
otubes, and zigzag nanotubes that incorporate vertices into the
nanostructure. By performing a careful analysis of the influence
of the electron beamparameters for the growth of the scaffold, we
demonstrate control of the nanotube parameters, i.e., the inner
diameter of the tube, and the thickness of the magnetic shell. We
gain insight into the magnetic properties of the 3D nanotubes by
performing X-ray magnetic microscopy. Using a combination of
experiments and micromagnetic simulations, we not only show
that magnetic nanotubes form vortex-like azimuthal magnetic
domains, but also reveal that the domain walls — that separate
domains of opposite azimuthal circulation — are pinned at the
vertices, or areas of high curvature. While all nanotubes stud-
ied here exhibit the azimuthal state, reducing the diameter of
the scaffold could enable the formation of axial domain config-
urations. This finding opens a pathway for controlling magnetic
textures in nanotubes via the introduction of curved geometries.
With the versatility of this 3D nanofabrication technique, the ex-
ploration of geometric effects is not limited to the introduction
of curvature and torsion, but can be applied to a wide range of
geometries encompassing, for example, interconnectivity, local
geometric modulations, and non-trivial topologies.
The proposed technique offers not only the realization of

complex 3D core-shell nanostructures but also the possibility to
combine different materials such as superconducting W, mag-
netic Co, and Pt with electrodeposited magnetic shells. The
combination of superconducting 3D scaffolds with ferromag-
netic shells presents exciting opportunities for advancing the
control and manipulation of both superconducting and mag-
netic properties in nanosystems.[73,74] The extension to inter-
connected nanostructures offers the possibility to design ap-
propriate magnetic stray field templates for superconducting
electronics[22] and proximity effects between the nanostructures,
that can lead to long-range ordering and novel magnetic DW
behavior.[75–77]

6. Experimental Section
FEBID patterning was performed using a Thermo Fisher Helios

NanoLab 600 DualBeam microscope equipped with a commercial Mul-
tiChem Gas Injector System. The precursor gas used was W(CO)6 and
the growth was performed at 2e−7 mbar. Precursor gas was kept at room
temperature during the growth. Prior to the FEBID patterning, insulating
substrates were covered with a trilayer of Ti(5nm)/Au(70 nm)/Al(100 nm)
via magnetron sputtering. The Al layer was “naturally” oxidated by expos-
ing it to ambient conditions.

For the synthesis of the magnetic shell a PGSTAT204 potentiostat
(Metrohm Autolab) was used. Deposition was performed in a three elec-
trode cell using a Pt mesh as counter electrode and Ag/AgCl (NaCl 3 M)
as reference electrode. Ni shell was deposited under the application of -1V
(vs Ag/AgCl) from an electrolyte kept at room temperature composed of
0.76 M NiSO4, 0.2 M NiCl 2 and 0.4 M H3BO3. The pH was adjusted to
2.5 adding H2SO4 10% vol.

The inner and outer diameter of the nanotubes was measured with
Scanning Electron Microscopy (SEM). The electron beam parameters set
for the image acquisition were 30 kV and 0.34 nA. The images were ac-
quired with a substrate of the sample tilted at 52° to probe the full ge-
ometry of the nanostructures. The compositional and structural analysis
of the nanotube was performed with scanning transmission electron mi-
croscopy (STEM) imaging combined with energy-dispersive X-ray spec-
troscopy (EDS) using a double-aberration-corrected Thermo Fisher Sci-
entific Spectra 300 (S)TEM, operated at 300 kV. The microscope was
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equipped with a Super-X EDS detector, and the convergence angle used
for the STEM-EDS analysis was 19.5 mrad. Vertical and transverse cross-
section samples from the NWs were prepared by Ga ion milling at 30 and
5 kV using a focused ion beam (FIB) Helios 5 UX from Thermo Fisher
Scientific for the STEM-EDS analysis.

Magnetic characterization of the nanotubes was performed with
shadow XMCD-PEEM at the CIRCE[78] and DEMETER[79,80] beamlines
from ALBA and SOLARIS synchrotron, respectively. Prior to the XMCD-
PEEM measurements the sample was coated with an 15 nm thick layer of
Au to increase conductivity and avoid charging effects. Absorption images
were acquired for a photon energy corresponding to the Ni L3 absorption
edge for two opposite helicities. For the in situ application of magnetic
fields of 80 mT in the out of plane direction, a dedicated out of plane sam-
ple holder was used.[81] Initialisations with 300mT were performed ex situ
using a permanent magnet.

Micromagnetic simulations were performed using the Magnum.pi
code, applying a finite-element method. The mesh of the bent nanotube
has the following dimensions: inner diameter of 60 nm, thickness of
30 nm, and a total length of 720 nm. The vertex has a radius of curvature of
110 nm and creates an angle of 100° between the two straight parts. These
dimensions were chosen to match the experimentally investigated nanos-
tructures. The mesh was discretized in tetrahedra, with a cell size of 4 nm.
The parameters used for the simulation were Ms = 4.85 × 105 Am−1, Aex =
3.4 × 10−12 Jm−1 and 𝛼 = 0.1. A current density of 1012 Am−2 was applied
between the ends of the nanotube as a means to drive the DW through
the nanotube via STT. The DW total energy (considering only exchange
and dipolar contributions) was recorded along the conduit, neglecting the
effect of the Oersted field generated by the current.
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