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ABSTRACT

Recent advances in additive nanofabrication have enabled the realization of free-standing three-dimensional architectures with
precisely controlled geometry and material composition at the nanoscale. Here, we investigate the magnetic properties of 3D
PtC/Co;Fe core-shell heterostructures with engineered curvature and shell thickness profiles. Using focused electron-beam-

induced deposition in combination with temperature-induced site-selective chemical vapor deposition, we realize hollow magnetic

nanoshells with different cross-section, curvature and thickness profiles with outer dimensions down to 200 nm. Using X-ray

magnetic circular dichroism photoelectron emission microscopy (XMCD-PEEM) and full-scale micromagnetic simulations, we

reveal distinct curvature- and thickness-dependent magnetization reversal mechanisms with the formation of axially symmetric

Néel domain walls (DWs) separating vortex domains with opposite circulations. We quantify the role of uncompensated

magnetostatic charges in curved hollow geometries and show how curvature and thickness asymmetry shape the micromagnetic

energy landscape, DW pinning and the corresponding stray-field distributions.

1 | Introduction

Geometric features start playing an increasingly prominent role
in condensed matter physics, as they allow going beyond standard
material properties determined by the intrinsic composition
through changes of geometrical parameters [1, 2]. The latter are
especially relevant in the case of low-dimensional systems, where
curvature, symmetry and topology introduce novel physical
effects by modifying electronic [2], plasmonic [3] and magnetic
responses at the nanoscale [1, 4]. In particular, in magnetism, the
interplay between the three-dimensional (3D) vector nature of
the order parameter and geometry gives rise to a rich spectrum

of emergent phenomena, including geometrically-induced chiral
interactions [5-7], topological spin textures [8-10] and mag-
netization configurations with high-order vorticity [11]. These
effects create opportunities to design functional materials with
controlled magnetic responses without the need for extensive
material screening approaches.

Recent advances in additive nanomanufacturing techniques,
such as two-photon lithography [12-15], charged aerosol jet
nanoprinting [16] and focused electron-beam-induced deposition
(FEBID) [17-20], have significantly improved the fabrication
of 3D nanostructures with nanoscale precision and design
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flexibility. Unlike conventional lithography [21, 22], these direct-
write techniques enable the fabrication of free-standing 3D
architectures with complex designs [3, 20, 23-25], which intro-
duce geometrically-driven effects in solid-state physics in a
controlled and scalable manner. In magnetism, FEBID-written
structures enable the experimental verification of geometrically-
induced effects [11, 26, 27] and offer convenient integration of
curvilinear objects into standard spintronic architectures [28],
while preserving high spatial resolution. Still, the direct FEBID
fabrication of hollow and tubular magnetic nanostructures,
which are of considerable theoretical and practical interest, due
to their striking magnetochiral properties of dipolar origin [29-
31] and ultrafast domain wall (DW) motion [32-34], encounters
fundamental limitations due to the proximity and electron
scattering effects [35-37]. The latter are caused by unintended
precursor dissociation beyond the beam focus and corresponding
filling of the hollow part during the writing process, which
compromises the quality and controllability of the fabricated
nanostructures. To overcome these limitations, hybrid fabrication
methods have recently been developed that combine FEBID
for precise formation of 3D non-magnetic scaffolds followed
by conformal electrochemical magnetic deposition [38] or heat-
induced in situ chemical vapor deposition (CVD) of FEBID
precursors [39]. In the latter case, the utilization of Joule
heating of a FEBID scaffold under controlled precursor atmo-
sphere enables spatially localized shell growth and formation
of high-purity (up to 85 atom%) crystalline thin shells [39,
40]. These methods ensure both structural reproducibility and
functionalized coating critical for 3D superconductive and
spintronic applications relying on geometrical and curvilinear
effects [1].

Here, we report the fabrication and detailed magnetic investiga-
tion of self-standing 3D PtC/Co;Fe core-shell heterostructures
with engineered curvature and shell thickness profiles. In con-
tradistinction to typically studied straight hollow magnetic nan-
otubes with circular [32, 33, 41-48] and hexagonal [49-51] cross-
sections, we utilize FEBID in combination with a site-selective
CVD process to realize hollow magnetic nanoshells (generalized
cylindrical shells) with controlled principal curvatures within a
single material platform, see Figure 1. Specifically, we engineer
two distinct types of shells: one exhibiting a relatively homoge-
neous first principal curvature distribution, x,, and a strongly
inhomogeneous second principal curvature, x,, and a second type
with a geometric constriction that yields strongly inhomogeneous
x, and x,. Using advanced X-ray magnetic circular dichro-
ism photoelectron emission microscopy (XMCD-PEEM) and
comprehensive micromagnetic simulations, we reveal distinct
reversal mechanisms governed by geometric curvature and cross-
sectional thickness asymmetry of Co;Fe shell and identify the
formation of axially symmetric Néel-type vortex-homogeneous-
vortex domain walls (DWs) separating vortex domains with
opposite circulations [49, 52]. In addition, numerically simu-
lated direct and shadow XMCD-PEEM contrasts, calculated for
micromagnetically obtained states, qualitatively reproduce the
main features of the experimentally observed contrasts. More-
over, both the XMCD-PEEM measurements and the simulations
consistently reveal curvature-induced pinning of DWs at specific
regions along the nanoshell. By evaluating the associated stray-
field and vector-potential distributions, we quantify the role of
uncompensated magnetostatic charges in curved hollow geome-

tries and show how curvature and thickness asymmetry shape the
micromagnetic energy landscape and DW pinning.

2 | Results and Discussions

2.1 | Magnetic Nanoshells With Inhomogeneous
Second Principal Curvature

3D core-shell nanostructures are fabricated by means of a two-
step hybrid approach [39]: (i) the fabrication of a carbon rich Pt
3D stripe scaffold by means of FEBID and subsequent secondary
electron irradiation, see Figure la; (ii) formation of a hollow
Co;Fe magnetic nanoshell around the PtC core by means of
heat-induced site-selective CVD process, see Figure 1b. The first
step represents the direct-write fabrication of self-standing 3D
scaffold architectures at the nanoscale by using electron beam
induced dissociation of the (CH;),CH,CsH,Pt precursor gas into
a PtC structure [35], see Figure la. As a result of the FEBID
process, two PtC bridges with the widths w, = 170 nm and w, =
470 nm, respectively, are formed by moving the electron beam
between two Cr/Au contacts, which enables precise control over
the shape and dimensions of the scaffolds. After completion
of the FEBID process, an additional electron beam irradiation
is carried out without any precursor to reduce the porosity of
the structure and improve its conductivity [53], see Figure la.
This is important for the second fabrication step, when a DC
current is applied to the PtC scaffold and the site-selective CVD
process starts in the atmosphere of HFeCo,;(CO),, precursor gas
without any direct electron beam irradiation [39]. Subsequently,
a conformal Co;Fe magnetic shell is formed around the PtC
core due to the precursor thermal decomposition by means of
Joule heating above the critical temperature of 423 K [39], see
Figure 1b. The 3D scaffold geometry naturally introduces thermal
gradients from the large Cr/Au contacts that act as a room
temperature heat bath, toward the hottest elevated PtC part,
which results in the formation of a Co,Fe shell tapering toward
the Cr/Au contacts. However, as shown previously in Ref. [39],
the resulting nanoshell is mainly uniform in thickness along its
length and only exhibits longitudinal thinning near the Cr/Au
contacts due to heat dissipation effects. Thus, in the following
analysis we will consider curved hollow nanoshells as uniform in
thickness. It should also be noted that thermal decomposition of
the HFeCo,(CO),, precursor gas is independent of the substrate,
while the interphase solid-state diffusion is negligible due to low
temperatures and short growth time [39]. Still, small variations in
the local conductivity of the PtC scaffold may promote surface
roughness due to the formation of Co;Fe crystallites, although
this process can be controlled by adjusting the current amplitude
and growth time.

After the fabrication, the resulting core-shell PtC/Co;Fe het-
erostructures are morphologically characterized using scanning
electron microscopy (SEM) that confirms the formation of two
different flattened 3D structures with almost the same length
of about L = 4.8 um, but different total widths of W, = 200 nm
and W, = 500 nm, see Figure 1d,f respectively. Thus, the average
thickness of the Co,Fe shells is estimated to be H = (W, —
w;,)/2 =15 nm, still the thickness distribution in the cross-
section depends on the dimensions of the PtC scaffold and its
relative position with respect to the gas injection system (GIS)
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FIGURE 1 | Experimental realization of PtC/Cos;Fe core-shell curved heterostructures. (a—c) Schematics of the two-step fabrication process of a

core-shell heterostructures: (a) Fabrication of a 3D PtC nanostructure by means of FEBID with its subsequent electron beam (green cone) postgrowth
irradiation; (b) Formation of CosFe shell by means of site-selective CVD induced by Joule heating from DC current applied though the 3D PtC scaffold
(black arrow). (c) The resulting curved core-shell heterostructure with a hollow ferromagnetic shell formed around the PtC core. (d,f) and (e,g)

Artificially colored scanning electron microscopy images and cross-sections schematics of narrow and wide PtC/CosFe heterostructures, respectively.
Different SEM parts are highlighted by color for visual clarity: light-blue for CosFe shell region and yellow for Cr/Au flat contacts. The cross-sectional
schematics show two different CosFe shell thickness distributions with symmetric and asymmetric profiles [39].

upon the CVD process, see Figure le,g. In particular, in the case
of wide PtC scaffolds the concentration of the HFeCo;(CO),,
precursor gas above the scaffold is higher than below it, so the
resulting magnetic shell on the top surface grows faster than
on the bottom during the thermal decomposition [39]. In the
case of wide core-shell heterostructures, the introduced thickness
asymmetry, 7 = H'°? /H"', can reach the ratio =2 [39], while in
the case of narrow heterostructures such asymmetry in thickness
distribution tends to 7 ~1. In the following analysis, we assume
that the thickness distribution of the magnetic shell in the case of
narrow heterostructures is symmetrical and equal to H, = (H) =
15 nm everywhere in the cross-section, see Figure le. In the case
of a wide 3D geometries, the existing thickness asymmetry is
modeled by shifting the centre of the Co,Fe shell toward the top
side of the PtC core by h = 5 nm, such that the local thicknesses
are H," = H+h =20 nm and H? = H — h = 10 nm, that are

2
consistent with  ~2.

Each fabricated 3D heterostructure is elevated by approximately
800 nm above the substrate and exhibits spatially curved geome-
try with a maximum first principal curvature of }"** = 0.5 um™'
at the apex, see Figure 1 and Section S1. Due to their longitudinal
elongation and modest apex curvatures, the resulting spatial
distribution of x, along the arc length, s, is rather homogeneous,
with only small gradients peaking at midpoints. In contrast, the
conformal Co;Fe coating of the flattened PtC core introduces
a strongly inhomogeneous second principal curvature, x,, with
its maximum x}"** = 1/R =20 um™ at the out layer with R =
50 nm, see Section S1. While the fabricated core-shell het-
erostructures lack geometrical constrictions, the resulting spatial
distribution of x, depends solely on the position across the
cross-section being independent of arc length s.

To investigate the magnetic behavior of the curved hollow
magnetic nanoshells, hysteresis-like measurements are

performed by means of XMCD-PEEM at the L, absorption edge
of Co, see Section S2. As both 3D core-shell heterostructures
have a curved, elongated, flattened and elevated shape, their
gradual slope variation allows for XMCD-PEEM imaging in two
modes: (i) direct imaging of the top surface of the bridge and (ii)
shadow imaging of the entire geometry [54, 55], see Figure 2a,b.
In the first mode, the X-ray beam directly illuminates the top
surface of the hollow magnetic shell, emitting photoelectrons
from the top ~10 nm layer, the yield of which depends on
beam polarization (circular clockwise and counter-clockwise)
and relative magnetization distribution with respect to the
incident direction. The resulting spatially resolved XMCD
contrast is determined by the normalized difference between
two photoelectron yield intensity measurements recorded for
both polarizations and reveals magnetization vectors that are
parallel (red), antiparallel (blue), and perpendicular (white)
with respect to the direction of the incident X-ray beam, see
Figure 2b. The second approach is used to image 3D magnetic
structures, whereby a passing X-ray beam carries integral
magnetic information along its path inside the 3D structure due
to the depth- and helicity-dependent absorption. The transmitted
part of which generates photoelectron yield from the shadow
case on the substrate being sensitive to the bulk magnetization
distribution [54-56], see Figure 2b. To generate the observed
shadow, which resembles all features of the 3D geometry, the
X-ray beam falls at the incident angle of 16° to the substrate
surface and 32° azimuth angle with respect to the longitudinal
direction of the tubular geometries. Thus, the resulting shadow
also contains information about geometric features and the
magnetization distribution inside the sample. It is important
to note that due to the 3D hollow shell magnetic geometry,
the shadow XMCD contrast cannot be simply interpreted as
a magnetization projection along the beam direction, unlike
to the direct contrast. Still, as a rule of thumb, blue/red
shadow contrasts generally indicate parallel/antiparallel
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FIGURE 2 | Magnetic investigation of curved hollow magnetic nanoshells. (a) 3D schematics of XMCD-PEEM imaging of a PtC/Co;Fe core-shell
nanostructure fabricated by combined FEBID and site-selective CVD methods. The X-ray beams, shown by the black helical arrows, illuminate the
3D curved core-shell structure at an acute angle of 16°. (b) 2D schematics showing the formation of direct 3D and shadow 2D XMCD contrasts in
the projection plane of the incident X-ray beams are indicated in the panel (a). (c,d) and (e,f) PEEM images and the corresponding XMCD-PEEM
contrasts of the narrow and wide PtC/CosFe heterostructures imaged mapped under different magnetic field orientations, parallel and antiparallel with
respect to the X-ray beam, respectively. Black wavy arrows represent the direction of the incident X-ray beam, while black straight arrows show the
direction for the applied external magnetic field, B, with B and B, corresponding to the longitudinal and transverse field components, respectively.
(g) and (k) Comparison of hysteresis-type measurements of the experimentally obtained averaged 3D direct XMCD contrast signal (red crosses) and
normalized magnetization, m|, along the B) obtained from full-scale simulations (blue line) for both types of hollow shells. The red line shows the fit
to the experimental data and the light blue dashed line shows the recalculated hysteresis signal obtained only from the top surface of the simulated 3D
hollow shell magnetic geometry. (h) and (1) Equilibrium in-field magnetic states obtained from micromagnetic hysteresis simulations for the narrow
(B = 0 mT) and wide (B = —5 mT) curved hollow magnetic nanoshells, respectively. (i,j) and (m,n) Simulated both 3D direct and 2D shadow XMCD
contrasts for both types of hollow magnetic shells.

magnetization alignments due to the helicity-dependent
absorption and the corresponding contrast inversion in the

in the direct imaging mode, where the XMCD-PEEM signals are
collected from the top surfaces of the nanoshells, see Figure 2c-f.

transmitted X-ray beam [55], see Figure 2b.

Magnetic imaging of the fabricated core-shell heterostructures
is performed at remanence after applying an external in-plane
magnetic field directed along the X-ray beam direction. The
magnetic hollow shell geometries are imaged stepwise during a
hysteresis switching between B,,,,, = +50 mT and B;, = —50 mT

The latter results in the appearance of a direct contrast from the
illuminated part of the 3D geometry and a corresponding inverted
contrast from the 3D shadow part, see Figure 2c—f. The obtained
hystereses for the narrow and wide core-shell heterostructures
reveal the presence of only one distinct switching event at -9 mT
and —17 mT, respectively (Figure 2gk), which separates two
states with predominantly uniform red and blue 3D direct and
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3D shadow XMCD contrasts, see Figure 2c-f. It should be noted
that both direct and shadow contrasts of the heterostructures
show gradual color transitions toward the ends, indicating a
magnetization reorientation from tangential distributions in the
middle of heterostructures to tilted azimuthal vortex-like config-
urations. In the case of the narrow magnetic hollow shell, all
XMCD contrasts obtained from the 3D part and the 2D shadow
are homogeneous for both magnetic configurations shown in
Figure 2c,d, which indicate the simultaneous switching of the
top and bottom surfaces during the reversal process. In the
case of the wide hollow shell, uniform XMCD contrasts are
only observed in the 3D direct and 3D shadow signals, while
the 2D shadow contrasts exhibit a characteristic red-white-blue
pattern. The latter indicates the presence of regions with different
magnetization orientations at the top and bottom surfaces of the
hollow shell.

To understand the switching processes for both types of hol-
low magnetic nanoshells and to explain their different shadow
contrasts, full-scale micromagnetic simulations are performed
using the experimentally determined magnetic geometries with
different shell thickness profiles. In the case of the narrow
magnetic nanoshell with symmetric thickness distribution, the
hysteresis simulation completely reproduces the experimentally
observed magnetic switching at —9 mT, which validates the
introduced micromagnetic model. The detailed reversal analy-
sis reveals the switching between two equilibrium tangentially
magnetized states with vortex-like distributions of opposite cir-
culation localized at each end of the curved hollow nanoshell,
see Figure 2h. Such a mixed magnetic configuration minimizes
magnetostatic energy by forming a closed-flux state at the ends,
while maintaining a quasi-uniform magnetization distribution
along the nanoshell [42, 57]. The corresponding simulated 3D
direct XMCD contrast (Figure 2i) shows uniform red/blue con-
trasts for illuminated/shadow parts of the top surface of the
hollow magnetic nanoshell, while the 2D shadow XMCD contrast
exhibits inverted uniformly colored blue contrast, see Figure 2j,
which correctly reproduce the experimentally obtained contrasts.
During the switching process, the vortex-like structures expand
from the ends toward the centre through the formation of
extended vortex domains with opposite circulation, while the
quasi-uniform state decreases in size to a narrow tangentially
magnetized region. This configuration results in the formation of
an axially symmetric Néel DW, which represents a topologically
stable transition region between the two vortex domains of
opposite circulation [49, 52], see Section S3 for more details.
Such a vortex-homogeneous-vortex (VHV) DW is the inverted
counterpart of the conventional vortex DW (VDW) obtained in
magnetic nanowires [58, 59] and nanotubes [44, 59]. Whereas
VDW features a central vortex separating axial domains, the
axial Néel or VHV DW is formed between azimuthal domains,
as observed experimentally in hexagonal nanotubes [49] and
electrodeposited curved ones [38]. Notably, the VHV DWs are
also directly imaged by XMCD-PEEM at curvilinear defects in
the additionally fabricated curved core-shell heterostructures,
see Section S4.

In contrast to the one-step hysteresis loop of the narrow hollow
nanoshell, the wide magnetic shell with the asymmetrical thick-
ness distribution exhibits a three-step reversal process featuring
two distinct switching events, see Figure 2k. Although the

reversal process also starts from a quasi-uniform magnetization
distribution with vortex-like boundary states, their circulations
are identical and extend over larger areas near the ends at the
bottom surface due to the thickness asymmetry of the Co;Fe
shell. The first switching event at BllI = —5mT corresponds to the
reversal of the thinner bottom section of the hollow nanoshell,
which reflects the transition from the mixed state to a tilted
transverse distribution along the bottom surface, see Figure 21 and
Section S3. This transformation is attributed to the lower switch-
ing field of the thinner region, which arises from its reduced
local shape anisotropy and consequently smaller coercivity. The
corresponding simulated direct and shadow XMCD contrasts
exhibit the formation of red direct and blue shadow contrasts of
the 3D top surface, which resemble the experimentally obtained
contrasts, see Figure 2e,m. In addition, the 2D shadow contrast
reveals a characteristic red-white-blue pattern, which is consis-
tent with the experimentally obtained contrast configuration, see
Figure 2e,n.

The second switching event at Bﬁ = —14 mT corresponds to the
reversal of the thicker top part of the nanoshell. The latter is
accompanied by the formation and extension of two diagonal
90° DWs between three homogeneously magnetized regions: two
along the field and one parallel to the initial magnetization direc-
tion, see Section S3 for more details. As the external magnetic field
increases, the central tangentially magnetized domain shrinks
and disappears. This occurs with the formation of two vortex—
antivortex pairs near the apex of the curved magnetic hollow
nanoshell, which eventually annihilate, finalizing the transition
to the switched mixed magnetic state, see Section S3. It should
be noted that the difference between the two-step experimentally
obtained and three-step numerically determined hystereses arises
from the surface-sensitive nature of the direct XMCD-PEEM
imaging. Namely, the electron yield from the bottom layer of the
shell is significantly attenuated by the thicker top layers of the
PtC core and the top Co,Fe layer, which makes the reversal of the
bottom surface undetectable in direct contrast. To demonstrate
this surface sensitivity, additional numerical calculations of the
hysteresis loop solely for the top surface are performed for the
wide hollow magnetic nanoshell, see Figure 2k. These calcula-
tions reproduce the two-step reversal observed experimentally
and resemble the measured XMCD-PEEM data, see Figure 2k.
However, the existing discrepancy between the numerically and
experimentally determined switching fields may indicate the
presence of additional pinning. The latter could be associated
with the higher roughness of the wide core-shell heterostructure
originating from the higher DC currents used in the site-selective
CVD process (see Methods) and corresponding local variations
in micromagnetic properties. These factors increase the effective
coercivity compared to the smooth micromagnetic model and
indicate the role of nanoscale defects in the magnetization
reversal dynamics of core-shell heterostructures.

2.2 | Micromagnetic Simulations of
Geometry-Induced Effects

Since XMCD-PEEM experiments of additionally fabricated
curved core—shell heterostructures reveal pinned VHV DWs sta-
bilized at curvilinear defects (see Section S4), it becomes crucial
to understand the interplay between curvature-induced effects
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FIGURE 3 | Micromagnetic analysis of VHV DW structures and energetic landscapes in hollow magnetic nanoshells. (a), (d) and (g) Spatial

magnetization distributions of the VHV DW in straight and curved wide hollow magnetic nanoshells with different cross-section profiles. Colored
stream lines indicate the local magnetization directions within the CosFe shells. (b), (e) and (h) Local spatial distributions of exchange energy density,
Eex, in different hollow shells. (d), (f) and (i) Spatial configurations of magnetostatic energy density, £g;p, for the VHV DWs in straight and curved wide
hollow magnetic nanoshells with different cross-section profiles. (j) Average total micromagnetic energy density, &, as a function of the normalized
VHV DW position spy along the hollow nanoshell, with L being its total arc length. Simulations are performed for VHV DWs with different circulation,
C = #1, and the same polarity, P = +1. (k) and (1) Average exchange and magnetostatic energy densities for different VHV DW positions along straight

and curved wide hollow magnetic nanoshells with different cross-section profiles.

and thickness asymmetries in hollow magnetic nanoshells. To
investigate this interplay, we perform additional micromagnetic
simulations of the straight and curvilinear models of the wide
curved hollow magnetic nanoshell with the same arc length
and different shell thickness profiles. VHV DWs with various
circulation, C = +1, and polarity, P = +1, are introduced into
the system through pre-defined states positioned at different
locations along the hollow magnetic nanoshell, after which they
relax to their equilibrium distributions, see Section S5. This
approach enables a systematic comparison of the morphology and
corresponding energy landscapes of stabilized VHV DWs under
varying geometric and thickness conditions.

In the case of the straight hollow magnetic nanoshell with
homogeneous thickness distribution, the uniform magnetic shell
stabilizes clearly distinguishable vortex domains of opposite
circulation separated by a narrow wall with longitudinal mag-
netization, see Figure 3a. This VHV DW configuration emerges
from the simultaneous minimization of exchange and magneto-

static energy densities, which is enabled by the high geometric
symmetry (axial and mirror) and toroidal topology. Specifi-
cally, the upper and lower shell parts being flat, symmetric
and in close proximity obtain mutual magnetostatic coupling
that favours antiparallel alignment between them, while the
toroidal topology naturally introduces vortex domain formation
at the ends to satisfy flux-closure constraint. Consequently, the
exchange energy density distribution exhibits a local increase
around the VHV DW due to the sharp magnetization rotation
between counter-circulating vortex domains and at the sides of
the nanoshell due to the non-zero second principal curvature
(x, # 0), see Figure 3b. Simultaneously, magnetostatic energy
density distribution reveals a local increase in the VHV DW,
followed by a decrease to near-zero values in vortex domains
due to the corresponding flux-closure in their magnetization
distributions, see Figure 3c. The micromagnetic simulations per-
formed for different positions of VHV DWs along the nanoshell
reveal the formation of energy plateaus in distributions of the
total, &4 (Spw), exchange, £ (spw), and magnetostatic, g, (Spw)s
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average energy densities as a function of the DW position, spy,
along the arc length of the shell, see Figure 3j-1. These flat
energy landscapes with only slight elevations near the ends
indicate the high mobility of VHV DWs in straight hollow
nanoshells with the homogeneous thickness distribution and
provide important reference values for the understanding of
curvature-induced effects.

In the case of the curved hollow magnetic nanoshell with the
homogeneous thickness distribution, the uniform magnetic shell
also stabilizes a VHV DW between vortex domains of opposite
circulation, see Figure 3d and Section S5. Similarly to the case
of straight hollow shell, the exchange and magnetostatic energy
distributions exhibit only a local increase around the VHV DW
due to magnetization rotation, see Figure 3e,f. However, micro-
magnetic simulations of differently positioned VHV DWs along
the curvilinear nanoshell reveal the formation of two distinct
localized energy minima in the total average energy density
Eot(Spw), which corresponds to the formation of two pinning sites
in sloped regions with x; ~ 0, see Figure 3j and Figure S2. A
component-resolved analysis of & (spw) and Egp,(Spw) demon-
strates that these minima originate primarily from local exchange
energy reductions in low-curvature shell segments (Figure 3k),
while the magnetostatic average energy density shows a broad
central minimum due to minimized effects of the shell ends,
see Figure 3l. Such negative curvature-driven pinning correlates
with the experimentally observed stabilization of VHV DWs in
curvilinear nanoshells with curvilinear defects, see Section S4.
The resulting energy landscape of the VHV DW with well-
defined potential minima in straight regions is reminiscent of
VDW pinning recently observed in curved nanotubes [59]. This
similarity highlights a dominant role of local curvilinear effects
of exchange origin and also suggests the presence of negative
curvature-induced driving of both types of DWs to areas with
the smallest curvature. This behavior of VHV DW and VDW
is in stark contrast to the pinning mechanism of a transversal
DW (TDW) in nanowires [59, 60] and nanostripes [5], where
TDW tends to pin at local curvature maxima due to the positive
curvature-induced driving [61].

In the case of the curved magnetic hollow shells with inhomoge-
neous thickness profile, the asymmetry between top and bottom
parts of the nanoshell introduces imbalance of their magne-
tostatic charges and corresponding shape-induced anisotropies.
The latter leads to the formation of different magnetic domains in
the upper and lower parts of the shell, which are separated by the
resulting DW magnetization configuration being inherently 3D
and asymmetric, see Figure 3g. Namely, the narrow bottom part
of the nanoshell exhibits the formation of the VHV DW separating
two vortex-like transverse domains, that transforms into tilted
domains separated by the DW on the top part, see Figure 3g.
Moreover, due to the disparity in tilt angles of the magnetic
domains at the top and bottom surfaces, additional tilted DWs
emerge near the ends of the nanoshell, which additionally
complicates the local magnetic configuration. These tilted DWs
represent transitional regions that accommodate the mismatch
between magnetization orientations induced by the thickness
gradients and curvature effects.

The presence of such complex 3D domain structures influences
local distributions of both exchange and magnetostatic energy

densities, that exhibit spatial variation at the ends and sides of
the wide hollow nanoshell with asymmetric thickness profile, see
Figure 3h,i. Specifically, two distinct VHV DW components at the
top and bottom parts of the nanoshell enhance the magnetization
misalignment, which leads to an increased energy cost of main-
taining a non-uniform magnetic configuration in comparison to
a magnetic nanoshell with homogeneous thickness profile.

Simultaneously, the magnetostatic energy density becomes
strongly inhomogeneous on the top and bottom surfaces, due
to the emergence of additional volume magnetostatic charges,
see Figure 3i. These charges arise, in particular, near the thick-
ness gradient and curved regions, amplifying stray fields that
contribute to localized magnetostatic energy maxima. Together,
the exchange and magnetostatic contributions reshape the total
micromagnetic energy landscape for VHV DWs stabilized at
different locations along the hollow magnetic nanoshell. Namely,
the coordinate dependence of the total energy reveals the for-
mation of a distinct single energy minimum near the apex
of the nanoshell with x,, =0.5 um™, see Figure 3j. The
component-wise analysis shows the presence of two minima in
the exchange energy profile along the coordinate (Figure 3k),
reflecting favourable DW positions at slope regions with reduced
x, curvature, while the magnetostatic energy exhibits a single
energy minimum at the middle of the shell, due to the balance
of volume and surface magnetostatic charges for the VHV
DW at such position, see Figure 31. Despite similar coordinate
dependencies of VHV DW energies in curved hollow nanoshells
with symmetric and asymmetric thickness profiles, steeper
magnetostatic energy gradients in the asymmetric case intro-
duces significant influence on the equilibrium position of the
DW.

These results demonstrate that local geometric features, such
as principal curvatures and shell thickness gradients, serve as
effective measures for engineering local energetic landscapes to
control DW stability and dynamics in core-shell 3D geometries.
The utilization of these effects allows for the deterministic
design of pinning sites and complex domain structures in
3D magnetic hollow shells, which has direct implications for
future spintronic devices. Moreover, it should be noted that
such curved magnetic nanoshells with inhomogeneous thickness
profile could also host non-local magnetic effects originating from
the interplay between curvature, symmetry and magnetostatic
interactions [31]. Namely, to manifest non-local magnetic effects,
it is essential to have asymmetrical magnetic geometry and mag-
netization texture that features both in-plane and out-of-plane
magnetic components exhibiting different parity [31]. These non-
local effects offer an additional layer of control over magnetic
textures, potentially enabling the stabilization of chiral states, as
it was demonstrated in the case of chiral deformation of vortex
strings in asymmetrical Permalloy nanocaps [6].

2.3 | Simulated Stray-Field and Vector Potential
LandScapes of 3D Curved Hollow Magnetic
Nanoshells

The complex texture of VHV DWs in curved hollow magnetic
nanoshells generates a highly localized magnetic stray field
around the DW core. While vortex domains provide effective
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FIGURE 4 | Stray fields and vector potentials around curved hollow magnetic nanoshells. (a) and (b) Stray magnetic field lines that have been

obtained for the stabilized VHV DW in hollow magnetic nanoshells with homogeneous and inhomogeneous thickness profiles. The red-white-blue
contrast shows the distribution of the m, component along the shell, while the rainbow contrast represents the normalized B, component of the stray
field B. (c) and (f) 3D distributions of vector potential magnitudes, |A|, around the stabilized VHV DW in both types of magnetic shells with the indicated
X2 and £ planes going through and below the flattened magnetic tube shells. (d,e) and (g,h) Spatial distributions of vector potential magnitudes across
X2 and £P planes for hollow magnetic nanoshells with homogeneous and inhomogeneous thickness profiles. The color indicates the strength of the

vector potential magnitude.

magnetic flux closure, the central longitudinal part retains
uncompensated charges that produce tight field loops and pro-
nounced near field variations, see Figure 4a,b. To quantify these
stray field distributions, we perform additional numerical calcu-
lations of the vector field potential, A, using the Ampere approach
on the equilibrium magnetic configurations, see Figure 4. In
both cases of curved hollow magnetic nanoshells with symmetric
and asymmetric thickness profiles, VHV DWs generate complex
closed field loops around the VHV DWs, see Figure 4a,b. Despite
the similarity between two field stray distributions, curved hollow
nanoshell with the uniform thickness produces a sharply local-
ized stray field with a rapid decrease of the absolute value of the
vector potential with the distance, see Figure 4c-e.

In the case of the curved nanoshell with asymmetric thickness
distribution, uncompensated magnetostatic charges distributed
along the hollow shell generate A with gradual decay extending
far from the DW region, see Figure 4f-h. This gradual decay
reflects the extended influence of the magnetostatic charges,
resulting in a more spatially widespread stray field configuration
compared to the hollow shell with a symmetric thickness profile,

see Figure 4g,h. Thus, the asymmetry of the Co,Fe shell thickness
profile opens up the possibility of controlling the distribution
of the scattered field caused by the structural imbalance of
magnetostatic charges.

The possibility to tailor the spatial distribution of stray fields
and vector potentials through geometrical features of core-
shell heterostructures provides a powerful route to the func-
tional design of hybrid electronic systems. In particular, local-
ized vector-potential and stray-field profiles enable fabrica-
tion of hybrid 2D/3D superconductor/ferromagnet (S/F) archi-
tectures, with 3D curved hollow magnetic nanoshells fabri-
cated above 2D superconducting nanostripes. In such con-
figuration, stabilized VHV DWs would interact with super-
conducting vortices via tailored stray fields, creating vortex
pinning potentials and imposing position-dependent phase
biases in Josephson weak links. These configurations extend
the functionality of planar S/F heterostructures, where DWs
or patterned nanomagnets manipulate superconducting vor-
tices [62-65], introduce pinning landscapes [66], control Joseph-
son phases [67], or generate local Josephson vortices using
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FIGURE 5 | Structural and magnetic characterization of a core-shell heterostructure with a constriction. (a,b) and (c,d) Artificially colored SEM

images of the side and top views of the curved 3D PtC scaffold and resulting PtC/CosFe core-shell heterostructure after site-selective CVD, respectively.
Dashed lines indicate the positions of the focused ion beam slices depicted in (f-j). (e) High-resolution top-view SEM image of the constriction, with
an overlaid contour of the initial PtC scaffold, which reveals local widening of the Co;Fe shell. (f-j) Side-view SEM images of different cross-sections of
the 3D heterostructure, which demonstrate the change in profile in the constriction areas. The sequence of FIB cuts is taken from the right side of the
heterostructure depicted in (d). (k) Line profiles of the PtC core width, w, and CosFe shell thickness, H, as a function of the arc length, s, along the
curved 3D heterostructure with a constriction, respectively. (1) and (m) show XMCD-PEEM contrasts of the geometrically constricted PtC/CozFe core-
shell nanostructure with a focus on the top part of the bridge apex (direct contrast) and on the shadow (shadow contrast), respectively. (n) Hysteresis-type
measurement of the experimentally obtained averaged shadow XMCD signal (red crosses). The red line shows the experimental data fitting. (o-r) Shadow
XMCD-PEEM scans of the core-shell heterostructure with the constriction imaged at remanence after the application of the external magnetic fields

B = —47.5; 18.8; 26.3; 47.5 mT (corresponding longitudinal field components By = -31.8; 12.5; 17.6; 31.8 mT), respectively.

inhomogeneous fields from magnetic force microscopy tips [68,
69].

2.4 | Magnetic Nanoshells With Inhomogeneous
First and Second Principal Curvatures

To investigate the impact of longitudinally inhomogeneous first,
%,, and second, x,, principal curvatures on magnetic responses,
we introduced a geometrical constriction in the middle of the PtC
scaffold nanostructure during the FEBID process, see Figure 5a,b.
This constriction is formed between two smoothly curved flat-
tened segments and creates a necked region where the scaffold
width narrows from 240 nm in the left curved part to ~80 nm
in the constriction and then widens again to 290 nm in the
right curved part, see Figure 5k. The subsequent site-selective
CVD process results in the formation of a conformal Co;Fe
shell around both curved flattened segments and the constriction

region of the PtC scaffold, see Figure 5c,d. However, due to
the reduced cross-section, the constriction region generates an
intense localized Joule heating due to the higher current density,
which leads to a significantly increased Co;Fe thickness in this
region, Figure Se. Specifically, the average magnetic-layer thick-
ness varies continuously from several nanometres at both ends to
~24 nm at the constriction region, see Figure 5k. Post-imaging
cross-sectional SEM analysis reveals a pronounced thickness
gradient and structural variations at the constriction, together
with significant surface roughness and the polycrystalline nature
of the magnetic nanoshell, see Figure 5f-j.

XMCD-PEEM visualization of the core-shell heterostructure in
the as-prepared state employs both direct and shadow imaging
modes to capture magnetization distribution of the top surface
and through-thickness magnetic information, respectively, see
Figure 5l,m. Direct image contrast reveals the formation of
characteristic red-white-blue contrast in the constriction, which
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corresponds to the formation of two differently oriented magnetic
domains with respect to the direction of the X-ray beam and
separated by a DW pinned at the constriction, see Figure 5.
The corresponding 2D shadow image of the heterostructure
(Figure 5m) unveils the presence of complex red-white-blue
patterns, which appear not only in the constriction shadow
projection but also along the entire length of the shadow. This
complex shadow pattern indicates the presence of a multidomain
state on the bottom part of the Co,Fe shell in addition to uniform
domains in the upper part.

To investigate the formation of such a state, we conduct the
hysteresis-type measurements with the in-plane magnetic field
applied at —48° with respect to the longitudinal direction of
the core-shell heterostructure. The magnetic hollow shell is
sequentially imaged at remanence (B = 0 mT) after applying a
magnetic field in the range B € [-50;50] mT with the corre-
sponding longitudinal component B, € [—33.5;33.5] mT. These
measurements yield a two-step hysteresis loop constructed from
the averaged shadow XMCD-signal, which reveals switching
events at Bﬁ =9.4 mT and Bﬁ =17.3 mT (Figure 5n). Detailed
analysis of the XMCD contrasts across the hysteresis cycle reveals
the evolution of the magnetic configuration, starting from the
fully saturated state featuring a homogeneous blue direct contrast
and predominantly red shadow contrast, see Figure 50. The
appearance of a small blue area in the shadow contrast indicates
a pinned magnetic texture localized near the geometrical con-
striction, which remains pinned through the field reversal. Upon
reaching the first switching field, Bﬁ, the direct contrast exhibits a
pronounced change (Figure 5p), which indicates the propagation
of a DW and its pinning at the geometrical constriction. More-
over, the shadow contrast reveals the formation of a complex
multidomain state in the bottom part of the bridge.

Further increase of the magnetic field to Bﬁ initiates the reversal of
the remaining unswitched segment of the heterostructure, which
results in almost homogeneous red direct contrast and predom-
inantly blue shadow XMCD contrat, see Figure 5q. Despite this
near-complete reversal, localized pinning sites in both sections of
the core-shell structure give rise to residual inhomogeneities in
the magnetic distribution, that are manifested as small residual
features in the shadow contrast. These subtle contrast variations
indicate the presence of minor pinned magnetic textures that
persist beyond the main switching event and require an addi-
tional field increase for complete depinning, see Figure 5r. Such
localized pinning is correlated with enhanced surface roughness
and potential variations in material parameters, which occur
from the polycrystalline nature of the Co;Fe Shell due to high
local temperature gradients near the constriction region. The
average size of the magnetic crystallites being around 20 nm is of
the same range with a theoretically predicted domain wall width,
§ =n¢ =10 nm for Co;Fe [70]. Still, despite the presence of
pronounced surface roughness and polycrystalline nature of the
magnetic nanoshell, the overall switching behavior of the core-
shell heterostructure remains highly reproducible, consistently
exhibiting DW pinning at the constriction region. This repro-
ducibility suggests that the dominant contributions to the pinning
mechanism originates from the structural characteristics of the
constriction itself, e.g. the longitudinal thickness gradients [21, 71]
and cross-section variations [31] that give rise to strong curvature
gradients [72]. The combined effect of which creates a robust

potential landscape that stabilize DW at the constriction during
the magnetization reversal. Still, the complex interplay of mor-
phological, structural and material parameters makes a reliable
qualitative analysis by micromagnetic simulations challenging,
as such models would obtain significant assumptions regarding
local roughness, thickness and magnetic parameters variations.
Therefore, in this work, we limit our analysis to experimentally
observed XMCD-PEEM contrast evolution, which provides direct
insight into the magnetization reversal and DW pinning in the
constricted hollow magnetic nanoshells.

3 | Conclusion

In summary, we have demonstrated the fabrication of self-
standing 3D PtC/Cos;Fe core-shell heterostructures with tai-
lored morphological and geometrical properties using a hybrid
approach, which combines FEBID and site-selective CVD. The
precise control over the curvilinear geometry of PtC scaffolds,
combined with engineered thermal gradients during CVD for
Co;Fe shell preparation, allows the realization of versatile mag-
netic geometries and thickness distributions within the frame-
work of one material system. The performed XMCD-PEEM inves-
tigation, combined with full-scale micromagnetic simulations,
reveals the critical influence of geometry and shell morphology
on the magnetization configuration and switching behavior in
these nanostructures. Specifically, we show that a narrow hollow
magnetic shell exhibits single-step magnetization reversal with
the formation of a VHV DW, while wider ones with asymmetrical
shell thickness support a two-step switching process mediated
by the localized reversal of distinct regions. The introduction
of a geometrical constriction at the magnetic nanoshell centre
provides a robust pinning site for DWs and potential stabilization
of multidomain states due to the pronounced surface roughness.

Furthermore, the versatility of the fabricated core-shell magnetic
geometries not only enhance the complexity of micromagnetic
textures, but also strongly influences the spatial configurations
of the stray magnetic fields and tunes the vector potential
“footprint” surrounding the hollow magnetic shell. The spatially
distinct electromagnetic signature could offer valuable capabili-
ties for the future quantum technologies by enabling localized
control of superconducting vortex dynamics and phase shift
manipulation inside the Josephson junction. Still, remaining
challenges in achieving defect-free scalability and precise thick-
ness control require further experimental studies. In particular,
the influence of temperature gradients on the asymmetry of
the magnetic nanoshell creates significant scope for micromag-
netic studies of the interplay between scaffold geometry, layer
thickness, and curvature, which paves the way for experimental
verification of theoretically predicted non-local curvilinear effects
in tubular structures [31].

4 | Methods
4.1 | Sample Preparation
The PtC/Co;Fe core-shell heterostructures discussed in the

main text are fabricated by means of FEBID inside a dual-
beam SEM/FIB microscope (FEI, Nova NanoLab 600) equipped
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with a Schottky electron emitter. Two different precursor gases
(CH;),CH,CsH,Pt and HFeCo;(CO),, are supplied through gas
injection systems (GIS) having the same 50° inclination relative
to the substrate, but located at opposite sides of the SEM chamber.
During the FEBID process, electron-beam-induced dissociation
of (CH;),CH;C;H,Pt forms a carbon-rich PtC scaffold, while
the remaining carbon leftovers are removed from the chamber.
The precursor gas is supplied via a GIS with a capillary of
0.5 mm inner diameter being positioned 100 um above the growth
area. The base pressure of the SEM chamber is 5x 10~7 mbar,
which increases to 1 x 107 mbar during the FEBID process. The
electron beam parameters are 30 kV for the acceleration voltage
and 15 pA for the beam current.

The fabrication of various 3D geometries using FEBID is enabled
by a versatile pattern-generation approach [35, 73]. In the present
work, the PtC nanostructures are grown using a heuristic
approach: the scaffold shape is obtained by varying the beam
dwell time at specific locations, t,, between 300 us and 20 ms
using an exponential function. The growth starts after tilting the
stage to ~52°, while the electron beam falls vertically downward
and moves between two Cr (10 nm)/Au (50 nm) contacts prepared
by means of optical lithography on SiO, (200 nm)/Si wafer.
Local morphological features, such as wire bending or geometric
constrictions, are created by controlling the direction and speed
of the electron beam during FEBID growth.

After the fabrication, the PtC scaffold is irradiated again by the
electron beam in the absence of a precursor gas to reduce its
porosity and improve conductivity. This step is essential for the
subsequent site-selective CVD process, during which a dc bias
current is applied to the PtC bridge in the atmosphere of the
HFeCo,(CO),, gas. The latter is introduced to the SEM by means
of the second GIS positioned at 100 um above the growth area and
tilted at 50° to the substrate surface. During the CVD process, a
conformal Co;Fe magnetic shell is formed around the PtC scaf-
fold due to the HFeCo;(CO),, precursor thermal decomposition
by means of Joule heating. In particular, to produce the narrow
core-shell nanostructure without a constriction, a constant dc
current of 25 uA was applied for 71 s; for the wide nanostructure,
20 nA was applied for 125 s, followed by 100 uA for 42 s. For
the PtC/Co;Fe core-shell nanostructure with a constriction, the
dc current was 30 uA for the first deposition cycle and 70 uA
for the second. The growth rate of a magnetic core-shell layer is
monitored through the in situ resistance change of the bridge, as
the deposited Co;Fe layer reduces the total resistance across the
entire heterostructure. The growth process continues until the
temperature drops to below the cut-off temperature (423 K) for
thermally-induced dissociation of the HFeCo5(CO),, gas [39].

4.2 | XMCD-PEEM Measurements

The FEBID-grown core-shell nanobridges are investigated by
means of X-ray magnetic circular dichroism photoelectron emis-
sion microscopy (XMCD-PEEM) [55]. Measurements are carried
out at BESSY II synchrotron (SPEEM beamline UE49-PGM,
Helmholtz-Zentrum Berlin, Germany) with a circularly polar-
ized X-ray beam at the L; edge of Co. Experiments are conducted
at 10 keV extraction voltage to minimize the risk of electrical
discharges from 3D nanostructures, compared to standard 20 keV.

This voltage reduction degrades spatial resolution by a factor of
1.4 (to approximately 60 nm), which is partially compensated
by the better energy filtering and hence lower chromatic aber-
ration. XMCD imaging is performed in two different modes:
(i) with the focus on the top bridge surface to visualize the
magnetization state on it, and (ii) on its shadow, which allows
to extract information from the entire sample. While the first
method is more suitable for visualizing non-trivial magnetization
distributions in planar samples, the second one is utilized for the
imaging of 3D magnetic geometries [54, 74]. The latter benefits
from the incident angle of the X-ray beam, which falls at a
shallow angle of 16° to the sample surface and enhances the
spatial resolution along the projection direction [55, 56]. The
magnetic imaging is performed at non-zero azimuthal angles
between the beam direction and bridge axes to enable better visu-
alization of equilibrium states, as the XMCD-PEEM technique
is insensitive to magnetization vectors directed perpendicular
to the beam direction. Namely, the XMCD contrast detects
only magnetization components being parallel or antiparallel
to the beam. The magnetic samples are installed in a sample
holder with a built-in electromagnet, which creates the in-plane
magnetic field in the range B = [-50;+50] mT aligned along
the X-ray azimuthal direction. For each type of 3D core-shell
heterostructure, we performed multiple hysteresis-like XMCD-
PEEM measurements, in which the sample was saturated and
then subjected to an in-plane field of opposite polarity, followed
by remanent imaging. In total, we recorded on the order of 5 —
10 complete cycles per structure and in all cases the observed
contrasts were reproducible from cycle to cycle. For the curved
core-shell heterostructures without a constriction, hysteresis-like
signals were obtained from the averaged direct XMCD-PEEM
contrast and fitted with a single hyperbolic tangent function,
whereas for the constricted heterostructure the hysteresis loop
was obtained from the averaged shadow contrast (resulting in an
inverted loop) and fitted with the sum of two hyperbolic tangent
functions to reproduce the two-step switching behavior.

4.3 | Micromagnetic Simulations

The full-scale micromagnetic simulations are performed for
experimentally-obtained 3D core-shell bridge geometries using
the GPU-accelerated tetmag software based on the finite element
method (FEM) [75]. The experimental geometries are recon-
structed from high-resolution SEM images obtained during the
fabrication procedure, and then they are converted into a 3D
tetrahedron mesh with an average size of 6 nm. Computations are
done for the micromagnetic parameters of Co;Fe polycrystalline
media: saturation magnetization u,M, = 1.88 T, where y is the
vacuum permeability, exchange constant A = 14 pJ/m, which
corresponds to the exchange length ¢ = 1/2A4/(u,M?) = 3.2 nm.
To calculate the hysteresis loops for each core-shell nanobridge,
we apply a magnetic field at the angle ap = 32° to the long
axis of the bridge, starting from positive B,,,, = +100 mT to
B.in = —100 mT with a field step of AB = —1 mT. After each
change of the external field, the magnetic system is allowed to
converge to equilibrium through the minimization of the local
torque exerted by the effective field H; on the normalized mag-
netization m = M /M,. To determine the equilibrium magnetic
states, we conduct additional micromagnetic simulations using
pre-determined states: homogeneously magnetized along %,
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and Z directions, random ones, and artificially determined DWs
with various symmetries and positions. The calculations are
performed for experimentally defined, straight, and ideal tubular
shell geometries with various shapes.

4.4 | XMCD-PEEM Reconstruction

To interpret the experimentally-obtained direct and shadow
XMCD-PEEM contrasts for curved core-shell heterostructures
(PtC core/Co;Fe shell), we developed a ray-tracing simulation
that calculates progressive X-ray absorption along each ray path
for the micromagnetically obtained states. Following the quan-
titative analysis described in ref. [56], the simulation accounts
the intersection of each structural element of the simulated 3D
core-shell structure with the X-ray beam and the corresponding
attenuation in each layer, including helicity-dependent absorp-
tion in the Co;Fe shell. The simulations are performed at an
experimental incidence angle of 16° and an azimuthal angle of
32°, see Figure S4a. To prevent moiré pattern formation in direct
and shadow contrasts, X-ray beams are distributed randomly
within a smooth kernel density distribution of projected points
from the 3D mesh geometry, Figure S4b. The corresponding
progressive X-ray absorption along each ray path element, dl,
inside the Co;Fe nanoshell is calculated as follows:

T —IX(I){ [7(1 +m(l)-k)+ (T m(l) - k)
M
X Cco + ﬂFe(l - CCO)}
while inside the PtC core it is following:
diz(D) .
2= = L O{ ero e+ (1~ e } @

where c¢, = 75% and cp, = 30% are volume concentrations of Co
in the CosFe shell and Pt in the PtC core, respectively, derived
from Ref. [39]. The corresponding linear absorption coefficients
for the Co L3 edge (777 eV) are derived from [76, 77]: uf =
8x107> nm™, u;, =4.7x107> nm™, pp =12.5x107° nm™,
Up = 13%x 1073 nm™! and g = 8 X 10~ nm™!. In Equation (1),
k is the propagation vector of the X-ray beam and m(r) is
the local magnetization distribution. Integrating the progressive
absorption Equations (1) and (2) along each ray path yields
transmitted beam intensities for both polarizations (I and Iy),
from which the shadow XMCD contrast is obtained:

L -1k

= 3
L+ Iy ®

nx

The resulting simulated XMCD-PEEM shadow contrast %xycp
is represented using blue-white-red colors, which correspond
to magnetization components being parallel, perpendicular and
antiparallel to the X-ray beam, respectively [55].

To simulate the direct XMCD contrast, we calculate local pho-
toelectron emission rates for both polarizations, I, from each
point of the magnetic surface, see Figure S4d. In this case, the

number of secondary photoelectrons created at depth, dt, is

calculated based on the local absorption of the transmitted X-ray
intensity [77]:

. a5
d‘IE,O = Edt (4)
However, it should be taken into account that not all created
electrons can reach the surface of the sample, which leads to their
effective reduction in accordance with the electron escape depth,
A, = 2.5 nm [77]. Thus, the resulting photoelectron yield in the
direction of the detector from the surface is

dIf = dI, exp [—Ai] ®)

To reconstruct the 3D direct and 3D shadow XMCD contrasts
from the top surface of core-shell heterostructure, we project a
regular rectangular 2D grid onto the XY-plane mimicking detec-
tor pixels. For each grid cell, the total photoelectron emission, I E,z’
integrates contributions from all depths along each X-ray beam,
that intersects the chosen cell within the Co;Fe shell. The final

direct XMCD contrast is then computed as

-k
I +1I;

e (6)

which can be directly compared with experimentally obtained
direct contrasts.

4.5 | Stray Field Calculation

To investigate the stray field distributions around the 3D curved
hollow magnetic shells, we conduct additional numerical cal-
culations for equilibrium magnetization distributions obtained
for experimental geometries with both types of symmetric and
asymmetric thickness distributions. The method is based on
numerical calculation of the coordinate distribution of the vector
potential, A(r), and the corresponding calculation of the stray
field H(r) = [V x A(r)]/u, (with B(r) = V x A(r)) outside the
magnet in the surrounding volume, V, around the magnetic
geometry with additional spacing (“airbox”) [78]:

V2A(r) — {;MOJ(r)

inside the magnetic volume

outside the magnetic volume

where the Coulomb gauge is used. This calculation utilizes
the Ampere approach and replaces the magnetization by an
equivalent distribution of the current density, J(r) = V x M(r).
The Equation (7) is solved numerically with the corresponding
boundary conditions at the airbox volume surface S:

A =0 40| =0, A@| =0 ®)

It should be noted that the imposed boundary conditions force
magnetic flux lines to intersect the airbox boundary perpendicu-
larly, which may affect the appearance of the field distribution
near its outer surface. In particular, this boundary effect can
distort the flux-line visualization at larger distances from the
core-shell geometry, while the near-field distribution around the
core-shell magnetic nanostructures remains reliable.
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