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Reconfigurable 3D Magnetic Nanoarchitectures

Sabri Koraltan,* Fabrizio Porrati,* Robert Kraft, Sven Barth, Markus Weigand,
Claas Abert, Dieter Suess, Michael Huth, and Sebastian Wintz*

3D nanomagnetism is a rapidly developing field within magnetic materials
research, where exploiting the third dimension unlocks opportunities for
innovative applications in areas such as sensing, data storage, and
neuromorphic computing. Among various fabrication techniques, focused
electron beam-induced deposition (FEBID) offers high flexibility in creating
complex 3D nanostructures with sub-100 nm resolution. A key challenge in
the development of 3D nanomagnets is the ability to locally control the
magpnetic configuration, which is essential to achieve desired functionalities.
In this work, the magnetization reversal mechanism of a 3D nanoarchitecture
fabricated using focused electron beam-induced deposition is investigated by
combining direct observation via scanning transmission X-ray microscopy
with finite element micromagnetic simulations. In particular, the investigation
shows that the magnetization of the components of a 3D Co,Fe tetrapod can

1. Introduction

Magnetic materials are used in a variety
of applications, including hard-disk storage
devices,l!l magnetic field sensors,/>3! logic
circuits,I*! and unconventional®7! comput-
ing tasks, among others. Predominantly,
the design and conceptual frameworks are
based on planar thin films, which can
be manufactured using physical vapor de-
position techniques such as magnetron
sputtering,®! electron beam evaporation, !’
pulsed laser deposition!'®! or molecular
beam epitaxy.['!! These deposited magnetic
specimens are amenable to further pro-
cessing into functional spintronic devices

be reversed individually and sequentially. Finally, it is demonstrated that
complete control and reconfigurability of the system can be achieved by

tuning the direction of the applied magnetic field.
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via micro- and nanofabrication techniques,
including photolithography and electron
beam lithography.

In particular, recent advances have drawn
significant attention toward 3D magnetism,
demonstrating new degrees of freedom
available for exploration.'?'5]  Initial
works suggest that racetrack memories,'®! high-density storage
solutions,!'”] and magnonic networks!'®1°] have the potential to
substantially enhance the energy efficiency and overall perfor-
mance of future generations of 3D spintronic devices.*’!

Currently, two primary techniques have been emphasized
in the experimental realization of these intricate 3D geometri-
cal structures. The first of these methodologies is two-photon
lithography (TPL),[2!) which, when combined with physical vapor
deposition!??~2*] or atomic layer deposition,[®*] has been shown
to be an efficient and scalable approach to generate complex 3D
magnetic lattices and structures. The second promising method
is focused electron beam-induced deposition (FEBID) as a direct-
write technique,?°3% in which a focused electron beam inter-
acts with the molecules of a precursor gas within the cham-
ber of a scanning electron microscope,?’ and the resultant
secondary electrons facilitate the direct deposition of the mag-
netic material at the targeted location. Using this technique,
intricately complex magnetic structures have been fabricated,
enabling the investigation of phenomena such as 3D artificial
lattices,32] geometrical chirality,*}] domain-wall automotion,34
complex stray-field textures,!*! partial skyrmions,**! and Bloch
points.’’l Tt should be noted that FEBID can be used to
fabricate scaffolds to be covered by magnetic materials by
sputtering®¥ or chemical vapor deposition.®®! Overall, the ef-
fective implementation of 3D magnetic functional devices crit-
ically hinges on the ability to precisely control their magne-
tization configurations. In this regard, the key challenge lies
in realizing the reconfigurability of magnetic states within

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. 3D Co;Fe nanoarchitecture fabricated using FEBID: a) Summary the deposition process in which precursor molecules are introduced into
the system via a gas injection system (GIS), enabling the formation of a cobalt-iron (Co;Fe)-based material under the influence of a focused electron
beam. Scanning electron micrographs provided in b) and c) present the top and 3D views, respectively. The X-ray magnetic circular dichroism (XMCD)
contrast, as assessed using (STXM), is depicted for magnetization orientations saturated with =250 mT d) and saturated with +250 mT e) in top view.

The remanent state is shown in f).

complex 3D nanoconduits, a capability that is essential to un-
lock advanced device functionalities.[23°4%] Recently, FEBID has
also been utilized to realize reconfigurable superconducting
nanostructures.[*!]

In this work, we study the magnetic reconfigurability of a
3D nanoarchitecture fabricated directly through FEBID. To in-
vestigate the magnetization states within a magnetic tetrapod
structure, we utilize scanning transmission X-ray microscopy
(STXM), which enables us to discern the individual reversal of
each constituent element of the nanoarchitecture. A tetrapod is
a rotational symmetric structure with four legs that merge in a
single apex; see Figure 1. Additionally, we provide experimental
evidence demonstrating that the order of magnetic reversal can
be modified by adjusting the angle of the applied magnetic field,
thereby permitting complete control and reconfigurability. Our
results are corroborated by finite-element micromagnetic simu-
lations, through which we also uncover intricate magnetization
states embedded within the 3D texture. Our findings mark an
important step in the advancement of 3D magnetic functional
devices, with prospective applications in 3D magnetic nanocon-
duits, magnonic crystals, data storage, memory or computing
systems.[2]
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2. Results

2.1. Imaging of Saturated and Remanent States

In this work, our objective is to explore the reconfigurability
of a 3D nanoconduit with a FEBID-fabricated tetrapod nanos-
tructure. For this purpose, we deposited a tetrapod structure
using FEBID. The deposition process and the geometry con-
sidered are summarized in Figure la. Upon deposition, the
tetrapod consists mainly of Co,Fe and some carbon. No fur-
ther purification steps have been performed, as the precursor
used results in a sufficiently pure metal content.[*?l The metal
content is higher than 93 at%.324?1 The deposited tetrapod has
the height h = 1.3 pm, while each leg has the length L =
1.52 pm, which was calculated from the 2D projection, which was
measured as L,;, = 0.8 pm. The width of each leg is ~#90 nm.
SEM images of the tetrapod are shown in Figure 1b (top view)
and Figure 1c (3D-view), respectively. The SEM images reveal
that the legs meet at the apex, which shows a slight increase
in thickness. Furthermore, small fabrication defects are visi-
ble, and the fabricated legs are not perfectly smooth cylindrical
nanowires.
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Figure 2. Magnetic characterization of a reconfigurable 3D nanoarchitecture: a) Depiction of the experimental geometry in which both the magnetic fields
and the X-rays are aligned parallel to the z-axis. The magnetic configuration, captured using STXM with XMCD as the contrast formation mechanism, is
presented in panels b—e) (contrast with respect to the saturated state), illustrating individual switching phenomena in response to the applied field. A
black contrast indicates downward magnetization, whereas a brighter contrast signifies upward magnetization. f) The XMCD contrast, averaged locally
over the four legs within the nanoarchitecture as a function of the applied magnetic field is shown in (b) and reveals distinct variations in coercivity.

Due to the aspect ratio of each of the legs of the tetrapods,
the shape anisotropy will dominate the energetics of the system
overall. Thus, we expect the magnetization of the tetrapod to fol-
low the long axis of each leg, potentially forming nonuniform
textures at the apex. The magnetic state is probed using scan-
ning transmission X-ray microscopy (STXM) at the MAXYMUS
endstation!*}] at BESSY II, Berlin, Germany. The sample was first
mounted at normal incidence. That is, the applied magnetic field
and the X-ray beam are along the z direction. We first apply a
strong magnetic field out-of-plane (oop), and acquire images with
both X-ray polarizations. Dividing the two images allows us to ob-
tain the X-ray magnetic circular dichroic (XMCD) contrast. Here,
XMCD contrasts give us a measure for the z component of the
magnetization. The XMCD data are shown in Figure 1d,e for pos-
itive (uoH, = +250mT) and negative (p,H, = —250mT) satura-
tions, respectively. When returning to the remanent state, we ob-
serve that the magnetization remains uniform and no switchings
are observed, as shown in Figure 1f. All STXM images presented
in this work were acquired at an X-ray energy corresponding to
the onset of the L, Fe edge at nominally 707.6eV.

2.2. Successive Magnetization Reversal

The tetrapod is expected to behave magnetically similar to the ver-
tices in 2D and 3D artificial spin ices.['2** Thus, the magneti-
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zation of each leg can be manipulated by magnetic fields, where
the order of switching might be dictated by the nucleation and
annihilation of localized magnetic charges.[*! To experimentally
test these expectations, we acquire XMCD images under differ-
ent magnetic fields.

We remain in the same configuration, where both X-rays and
magnetic fields are along the z axis; see Figure 2a. The mag-
netic state is first saturated by applying a strong field poH, =
—250mT. Then, from the remanance we increase the magnetic
field by 5 mT. We acquire a STXM image at each field and cal-
culate the XMCD contrast with respect to the saturated state.
Selected magnetization states during the field sweep are shown
in Figure 2, where we show the magnetization configuration at
20mT (Figure 2b), 50mT (Figure 2c), 75 mT (Figure 2d), and
115mT (Figure 2e). The STXM data reveals that the legs’ mag-
netization are reversed in a succesive manner toward opposing
saturation (the final contrast is black). From these STXM data,
we can obtain locally averaged quantities by masking the data in
the legs individually. Figure 2f shows the averaged XMCD con-
trast as a function of the applied magnetic field for each leg of
the tetrapod. The experimental data clearly show abrupt switches
that indicate that magnetization is reversed for strong enough
antiparallel fields. Hence, our results indicate that the magne-
tization in the 3D tetrapod can be controlled by the magnitude
of the applied field. In Video S1 (Supporting Information) the
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animated step-like sequential switching process as a function of
applied field can be observed more closely.

Due to the symmetry of the applied field and the easy axis
of each of the elements, the order in which the reversal occurs
might be expected to be rather stochastic. However, repeated ex-
periments on this and on a similar sample (Video S2, Supporting
Information) demonstrate that the control of the reversal, as well
as the order of switching of the different legs, was reproducible.
A possible explanation is that each leg might contain specific ge-
ometrical imperfections and inhomogeneities, as well as struc-
tural or chemical defects such as local variation of metal content,
thus locally altering the coercive fields of each element. The dif-
ferences in the coercivities become rather a feature, because it
allows to selectively reverse the magnetization by tuning the mag-
nitude of the magnetic field. The reproducibility of the results
suggests that the magnetization of a 3D nanostructure can be
controlled by the magnitude of the magnetic field.

A second possible and perhaps complementary scenario in-
volves the presence of topologically non-trivial spin textures and
magnetic solitons, which govern and dictate the reversal mech-
anisms. Volkov et al.*¢] have shown that a tetrapod structure -
topologically equivalent to the one investigated in this work - is
homeomorphic to a sphere. Thus, the total vorticity of the sam-
ple is expected to be QF = +2. This could be achieved, for ex-
ample, by four vortices and two antivortices, which might ap-
pear as surface textures. In this case, the presence and loca-
tion of topological textures might influence the reversal mech-
anisms, where reversing the magnetization of one leg might
involve annihilation and nucleation of non-trivial textures. The
presented STXM data is not sufficient to experimentally resolve
this issue. Other X-ray-based techniques such as resonant pty-
chographic tomography,!??] Fourier transform holography-based
tomography,*’! soft x-ray laminography,!*¥! or ptychography,3¢!
could potentially be applied to assess whether topological textures
are present and play a key role in the reversal mechanisms and
in the sequential switching of the legs.

To gain a deeper understanding of the magnetization states
and reversal mechanism, we performed micromagnetic simula-
tions using the finite element simulation package magnum.pi.[*’!
For this, we create a 3D CAD geometry and mesh it using tetra-
hedral elements with 6 nm mesh length; see Section 4 for more
details. First, we simulate the response of the magnetic state to
an out-of-plane (oop) external field along z. The simulated M-H
curve for the entire structure is shown in Figure 3a. In this rep-
resentation, a clear staircase-like hysteresis is observed, where
three major switching events are observed. This strongly sug-
gests the presence of individual reversal events in the system.
A closer look at the third switching event (inset of Figure 3a)
reveals, in fact, two separate events that are very close in field.
When we plot the averaged magnetization for each element in-
dividually (Figure 3b), indeed we observe that the magnetization
reverses successively for all legs, which is in excellent agreement
with our experimental findings. Moreover, the final two reversal
fields are rather similar in magnitude, an aspect that we have also
observed experimentally.

The simulated magnetic states are given for selected fields (col-
ored stars in (a)) in Figure 3¢, where the arrows show the normal-
ized magnetization direction colored according to the M, compo-
nent of the magnetization. At remanence, all legs are positively
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magnetized, where a non-uniform topological vortex-like texture
is visible at the apex. To quantify the topology of the magnetiza-
tion, we calculate the norm of the topological charge flux density,
given as

1
Q= o€y

€;j,1M;0511,0, 1y, (1)
where m; denotes the components of the normalized magneti-
zation vector. When integrated over the closed 2D surface of the
magnetic structure, the topological winding number (skyrmion
number)>%! is obtained. The topological charge flux density Q is
thus a measure of local topological winding, indicating the pres-
ence of vortex- and antivortex-like structures. Figure 3d shows the
norm of |Q|, which shows the presence of nonuniform-textures
at the ends and at the apex at remanence. In Figure S1 (Support-
ing Information), we show that magnetic vortices are indeed sta-
ble at the end of the legs, while more complex surface textures
are forming on and around the apex; see Figure S2 (Supporting
Information). The bulk texture of the apex also includes a mag-
netic vortex, which can be visualized by taking 2D slices in the
xy-plane, as done in Figure S3 (Supporting Information). The
analysis of possible surface antivortices and the quantification of
the total vorticity of the nanostructure is rather complex and is
beyond the scope of this work.

When the applied field is further decreased toward negative
saturation, the legs of the tetrapod reverse individually. Further
comparing the experiments with the simulations, we observe that
after the reversal of the first leg, the second reversing leg is never
opposing the initial one but is adjacent to it. As in any artificial
spin system, the order of reversal could be dictated by the creation
of magnetic charges at the apex.'”** Thus, in our system, the
non-uniform topological magnetic textures might also play a key
role. When comparing the magnetization states in Figure 3c and
the localizations of the magnetic nonuniformities in Figure 3d,
we recognize a correlation between the localization of the solitons
and the order of reversal, especially of the first two legs. To further
analyze this hypothesis, we plot the magnetization in Figure 4 us-
ing streamlines, which is an instructive way to visualize the local
winding of the magnetization. The field-dependent evolution of
the magnetization reveals that for the first reversal, a magnetic
vortex is nucleated at the apex (u,H, = —11.5mT), which then
propagates to the end (p,H, = —15.5mT), subsequently revers-
ing leg L2 of the tetrapod (p,H, = —17 mT). The second reversal
is then fully governed by the imbalance of magnetic charges at
the apex, which results in a vortex wall slightly shifted toward
the other leg L1 (p,H, = —21.5 mT). The vortex wall first fully
shifts to L1 (pyH, = —31.5mT), and then propagates (p,H, =
—33 mT) through the leg to fully reverse the magnetization (u,H,
= —33.5mT). In the case of the final two reversals, we observe
that there is no vortex wall left at the apex. Thus, it appears that
the magnetization reversal is governed by the nucleation of vor-
tex walls at the ends of the legs L2 and L3, which now propa-
gate up toward the apex. Our numerical investigation suggests
that, based on the magnetic configuration of the apex, there are
two main reversal mechanisms: propagation of a domain wall
injected from the apex and nucleation and propagation of a do-
main wall from the bottom point of a leg. Overall, our numeri-
cal simulations suggest that the local magnetic topology dictates

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. The simulated hysteresis loop depicted in a) shows the total M, component of the magnetization (normalized), averaged over the entire
nanoarchitecture, and plotted against the applied magnetic field. The black arrow shows the direction in which the magnetic field is swept. The inset
figure shows a zoomed-in, which highlights that the third and fourth switch happeneyyd at similar fields, yet are separated events. In panel b), the
individual contributions from each leg are presented. Panel c) shows the magnetic configurations at specific fields, which are indicated by stars in
(a), highlighting the successive individual magnetization switchings. The colors (red, blue) indicate the M, component of the magnetization. Panel
d) illustrates |Q| thresholded for values |Q| > 2 x 107, that highlight the presence of topological texture formations at ends of the legs and at the apex.

All states are transient states as the magnetic field is time-dependent.

the reversal mechanisms and order of reversal in our 3D mag-
netic nanoarchitecture.

2.3. Angle Dependent Selective Reversals

After demonstrating experimentally and by simulations that the
magnetization of the legs can be reversed individually by appli-
cation of magnetic fields, our goal is to achieve selective switch-
ing of particular legs, enabling full control and reconfigura-
bility of the 3D magnetization of the tetrapod. For this pur-
pose, we change the measurement geometry. The sample is now
mounted such that there is a ® = 30 ° angle between the X-rays
and the samples’ normal orientation; see Figure 5a. Thus, the

Adv. Funct. Mater. 2025, 35, 15338 e15338 (5 0f11)

corresponding image is now the projection of the sample along
(sin (30°), 0, cos (30°)). In Figure 5b—i), we show the measured
XMCD images at different magnetic fields, which support the
claim that the magnetization of the elements more parallel to the
field can be reversed at lower fields. Considering the reversals of
the legs displayed in Figure 5-i, one needs to remark that, be-
cause of the tilt, we are now less sensitive to the magnetization
component, which is parallel to the legs. Thus, a considerable loss
of contrast is visible, which makes it challenging to visually recog-
nize the successful switching events. The black and white circles
in the images are a guide to the eye for which element a switch-
ing is observed. Comparing subsequent images before and after
the reversal allows a better distinction if the legs have switched
or not. In addition, the animation provided in the Video S3

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Simulated magnetization flow at different external fields pgH, which shows the reversal mechanisms dominated by vortex wall propagations
and nucleations. The stream tracer used here highlights the localized nonuniformity and winding of the magnetization. The dashed yellow ellipses
highlight the location of magnetic vortices, whose presence dictates which leg will reverse next. The colored stars refer to Figure 3.

(Supporting Information) clearly shows that all four legs switch
in a successful manner, while the legs parallel to the field re-
verse first.

The quantified (averaged) local XMCD signal as a function
of the total magnetic field is shown in Figure 5f. This time, it
appears that elements (L1,L2) are reversing their magnetization
again with a rather abrupt switching event, while the other two
elements (L3,L4) are experiencing a delayed reversal process. For
L3 and L4 the overall drop in the signal is not very clear due to
the loss of sensitivity.

The experimental setup used for this study limited the geome-
tries that can be investigated to 0° or 30° with respect to the sam-
ple normal at a fixed azimuthal angle. Thus, to test the full re-
configurability of the tetrapod, we turn again to micromagnetic
simulations. The results are summarized in Figure 6. First, the
magnetic field is applied along 8 = 30° and ¢ = 0°, which is

Adv. Funct. Mater. 2025, 35, 15338 e15338 (6 of 1 1)

parallel to the leg L1, as shown in the inset of Figure 6a, where
we also illustrate the total averaged hysteresis M-H loop. In con-
trast to the previous case from Figure 3, the hysteresis loop now
clearly shows four switching events. From this, we understand
that the switching fields of all legs are tunable. The magnetiza-
tion averaged over the individual legs shown in Figure 6b, accom-
panied by the magnetic configurations in Figure 6(c) and |Q] in
Figure 6d shows that the L1’s magnetization reverses first. The
switching fields in this geometry are more distinct, allowing for
the stepwise reversal to be clearly visible in the total hysteresis
loop. A closer look at the magnetization reversal confirms that,
also for this case, the locations of vortex walls dictate the order of
reversals.

For the sake of completeness, we also show in Figure S4
(Supporting Information) that the switching process of arbitrary
legs can be controlled. For instance, we apply the magnetic field
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Figure 5. The experimental magnetization reversal for a specific angle of applied magnetic field: a) The experimental configuration is illustrated, in which
the sample was rotated 30 ° around the x-axis, thus altering the magnetic field component parallel to the legs. The XMCD images for varying magnetic
fields are presented in b—i) (contrast with respect to the saturated state), illustrating the switching of the magnetization in all legs. The legs that are
more parallel to the applied field switch sooner. The contrast of the other two legs (L3, L4) decreases as we are less sensitive to the magnetization
component parallel to those legs. Succesive magnetic fields are shown to highlight better the states before (d,f,h) and after (c,e,g,i) the reversals. The
XMCD contrast, averaged individually across the four elements within the nanoarchitecture as a function of the applied magnetic field, is depicted in j).
The circles in (b-i) indicate whether the legs have switched (black) or not (white). We refer to Video S3 (Supporting Information) for a clear recognition

of the succesive switchings.

parallel to L2, thus, polar angle § = 30° and azimuthal angle ¢ =
90°. Figure S4 (Supporting Information) is analogous to Figure 6,
and demonstrates the angle-dependent selective and successive
magnetization reversal in the tetrapod. As here the magnetic field
is applied along L2, we observe that this leg of the tetrapod re-
verses its magnetization first. When repeating the same analy-
sis of the localization of magnetic textures by means of topolog-
ical charge density (see Figure S4, Supporting Information), we
obtain further numerical evidence that the position of the mag-
netic vortices dictates which leg will reverse next. The topological
spin texture at the apex appears to be localized slightly toward
L3, which indeed reverses next, being followed by the adjacent
leg, L1. Finally, once the magnetic field is large enough, L4 re-
verses its magnetization as well. So far, all three cases that we
have investigated reveal a correlation between the localization of
a topological texture and the reversal order of the legs.

In fact, the coercivity of the elements and thus the reversal or-
der are found to be fully tunable by the relative angle between
the applied magnetic field and the direction of the tetrapod’s legs.
To obtain a more generalized picture, we repeat our simulations
for multiple combinations of polar and azimuthal angles (6, ¢)
and quantify the coercivitites of the simulated hysteresis loops
for each leg individually, as shown in Figure S5 (Supporting In-
formation). At first glance, we observe clear minima regions in
the phase diagrams of the coercive fields of the individual legs.
The values of coercivities are typically between 0 and 50 mT in-
side these minima regions. Further relative analysis between the
phase diagrams reveals that these minima regions are comple-
mentary. This means that when one leg has a minimum in the

Adv. Funct. Mater. 2025, 35, 15338 e15338 (7 0f11)

switching fields, all the other legs have higher values, a further
strong numerical suggestion that the sequential and reconfig-
urability of the magnetic tetrapod is fully reproducible. However,
there are many rather stochastically distributed coercive fields as
well, which might potentially be also attributed to the localization
of topological spin textures, as well as to numerical stochasticity
which introduces a distribution of coercivity in between the legs.

While our numerical findings strongly suggest that the local-
ization of topological spin textures might influence and poten-
tially govern the order of reversal, our STXM experiments are not
sufficient to provide direct evidence for such effects due to lim-
ited spatial and 3D resolution. To this end, future experimental
investigations of the topological 3D textures would perhaps re-
quire x-ray ptychography-tomography or transmission electron
tomography techniques.[22:243647]

3. Conclusion

In summary, we investigated the magnetization reversal mecha-
nisms in a 3D nanoarchitecture fabricated through focused elec-
tron beam-induced deposition, utilizing direct observation via
scanning transmission X-ray microscopy and supported by finite
element micromagnetic simulations. Our experimental findings
revealed that the magnetization of the legs of a 3D tetrapod can
be reversed individually in a sequential manner. Here, our micro-
magnetic simulations indicate that the presence and location of
nonuniform topological magnetic textures might dictate the or-
der of reversal. Moreover, we demonstrated that complete control
and reconfigurability of the system can be obtained by altering

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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the angle of the applied magnetic field. Our results experimen-
tally demonstrate local control of the magnetization in a 3D ar-
chitecture.

These findings have significant implications for a broad range
of potential applications involving 3D nanomagnets. For exam-
ple, achieving full 3D control of magnetism opens promising av-
enues for high-density data storage, where each tetrapod could
encode four bits simultaneously, corresponding to 2* = 16 dis-
tinct magnetic states.!'”>!] If the magnetization of each leg could
be read out independently, using, for example, anisotropic mag-
netoresistance, and selectively written, such tetrapods may serve
as the building blocks for 3D, high-density memory devices, if
the spatial dimensions could be further reduced.>?!

Moreover, the magnetization reversal processes are governed
by the motion of domain walls. This suggests that reversal trig-

Adv. Funct. Mater. 2025, 35, e15338 e15338 (8 of 11)
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Figure 6. Simulated hysteresis loops for magnetic field applied along H = (sinfcos ¢, sinfsin¢~, cos ), with & = 30°, ¢ = 0°, where in a) the
magnetization is averaged over the entire nanoarchitecture and in b) is resolved for each leg individually. The magnetic configurations are shown in c)
for the four steps in the hysteresis loops shown in (a), where the element parallel to the field switches its magnetization first. The norm |Q] in d) shows
once more the presence of the topologically nontrivial magnetization states.

gered by current or field pulses could enable fast and local
switching, offering potential speed advantages over conventional
mechanisms.[>]

From another perspective, 3D magnonics is an emerging
field that remains largely unexplored.?5*55] Tetrapod structures
could serve as state-dependent, frequency-selective magnonic 3D
nanoconduits, where an incoming spin wave in one leg interacts
with internal topological textures, altering its phase and/or fre-
quency, and continues to propagate through adjacent legs. The
interference of spin waves at the central node could be harnessed
to implement 3D magnonic logic gates via different inputs and
outputs.>*>7]

Further advancements are necessary to miniaturize these
nanoarchitectures, enhance fabrication precision, and improve
geometric fidelity. Here, one current practical limitation is the

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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high magnetic damping, which constrains the performance of
these structures as magnonic waveguides,*®! which could be
overcome perspectively by utilizing low-damping materials such
as garnets.

In addition, the reconfigurability of such nanostructures may
enable novel forms of vectorial threshold sensing. When an ex-
ternal magnetic field is applied along a specific direction and
exceeds the coercive field, the resulting magnetization reversals
could be detected via electrical (e.g. magnetoresistive) or optical
(e.g- MOKE) methods.[!

In summary, this work represents a prototypical step to-
ward functional, reconfigurable 3D magnetic nanoarchitectures,
with potential impact on storage, sensing, and information
processing.

4. Experimental Section

Sample Fabrication: For being able to perform soft X-ray transmis-
sion experiments on the fabricated structures, the tetrapods were grown
on 200nm silicon nitrate membranes. Before deposition of the actual
tetrapods, a 5 nm Pt layer was deposited on top of the membrane to ensure
better electron diffusion and avoid undesired depositions. The tetrapods
were fabricated by a dual-beam focused ion beam / scanning electron mi-
croscope (Nova Nanolab 600, FEI) equipped with a Schottky electron emit-
ter. In FEBID, the adsorbed molecules of a precursor gas dissociate by in-
teraction with the electron beam. The solid part of the dissociation prod-
uct generates the sample by the action of the electron beam.[?%] For the
present fabrication, the precursor gas HCos Fe(CO) 4, was used.[32:40:46.60]
The precursor was injected into the SEM using a standard gas injection
system through a capillary with an inner diameter of 0.5 mm. During depo-
sition, the precursor temperature was 64 ° C, the capillary surface distance
was ~100 pm and the capillary incidence angle was 40°. The base pressure
of the SEM was 4.2 x 1077 mbar, which increased to ~4.4 x 10~ mbar
during deposition. The tetrapods were grown in a heuristic approach.[¢°]
The electron beam parameters were 4 keV for the acceleration voltage and
4 pA for the electron beam current. The four branches of the nanostructure
were written by dwelling the electron beam for 10 ms on each branch, be-
fore moving on to the next branch. The lateral speed of the electron beam
was 3.7 nms™".

Scanning Transmission X-Ray Microscopy: : The STXM measurements
were performed at the MAXYMUS end station, BESSY I, Berlin. A highly
coherent and brilliant soft X-ray is provided by the synchrotron. The X-
rays are focused onto the sample by a diffracting Fresnel zone plate. Un-
diffracted X-rays and higher-order diffractions are stopped by the central
stop of the zone plate and an order sorting aperture (OSA). The sample is
raster scanned using a piezo stage, while the transmitted X-rays are col-
lected by a point detector, enabling a lateral resolution of ~25 nm. The
sample was first mounted in normal incidence (0°), thus providing sen-
sitivity to M,. The energy of the X-rays was varied around the Fe L; edge
to achieve the best possible XMCD contrast. As a consequence of the rel-
atively high thickness of the sample, the ideal measurement conditions
for Fe were found at the onset of the L; edge at a nominal photon energy
of 707.6 eV. The photons can be transmitted very easily through the blank
membrane, but the energy is absorbed if they interact with the tetrapod.
The signal containing information about the topography of the sample can
be eliminated by acquiring an image with positive circularly polarized light
and an image with negative circular polarization and dividing them by each
other, leaving behind only the signal corresponding to the X-ray magnetic
circular dichroism (XMCD) contrast. Thus, alternating contrasts are ob-
tained if a projection of the magnetization is either pointing parallel to the
propagation direction of the soft X-rays or antiparallel to that.

Micromagnetic simulations: : The numerical simulations were per-
formed using the finite element simulation software magnum.pi.[*] The
geometry is created and meshed using SALOME. The discretization length
was chosen as 6 nm. The material parameters used are a saturation mag-
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netization of M, = 700 kA m~" and an exchange stiffness constant of A,, =
12 p) m~'. The Landau-Lifshitz-Gilbert (LLG) equation is solved at a mod-
erate Gilbert damping of @ = 0.1, which is rather realistic for the CoFe sys-
tem deposited by FEBID. In the effective field of the LLG, the contributions
from exchange and Zeeman energy, as well as the demagnetization ener-
gies were included. The demagnetization field is calculated by employing
a fast-multiple method, which allows parallelization on multiple proces-
sors. The initial magnetization state is chosen to be parallel to the z di-
rection. The external magnetic field is varied between pyH = 250 mT and
poH = —250 mT in one microsecond. Magnetization snapshots are saved
every nanosecond (every 0.5 mT). The direction of the magnetic field is
varied using the polar and azimuthal angles, 6 and ¢, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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