Unveiling the origin of multi-domain
structures 1n compositionally
modulated cylindrical magnetic
nanowires

C. Bran', J.A. Fernandez-Roldan'?, R.P. Del Real’, A. Asenjoj, Y-S Chen'?, J. Zhang", X
Zhang4, A. Fraile Rodriguez5’6, M. Foerster’, L. Aballe’, O. Chubykalo-FesenkoI and M.
Vazquez'

! Instituto de Ciencia de Materiales de Madrid, CSIC, 28049 Madrid. Spain
2 Department of Physics, University of Oviedo. 33007, Oviedo, Spain
3 Department of Chemical Engineering and Materials Science, Yuan-Ze University, Taiwan
* Physical Science and Engineering Division (PSE), King Abdullah University of Science and
Technology (KAUST), Thuwal 23955, Saudi Arabia

5 Departament de Fisica de la Matéria Condensada, Universitat de Barcelona, 08028 Barcelona, Spain
¢ Institut de Nanociencia i Nanotecnologia (IN2UB), Universitat de Barcelona, 08028 Barcelona, Spain
7 ALBA Synchrotron Light Facility, CELLS, 08290 Barcelona, Spain

Abstract

CoNi/Ni multisegmented cylindrical nanowires were synthesized via electrochemical route. The
wires are 140 nm in diameter, with 1000 nm long Ni segments, and CoNi segments between 600
and 1400 nm in length. The magnetic configuration was imaged by XMCD-PEEM in the
demagnetized state and at remanence after magnetizing axially and perpendicularly. Ni segments,
with cubic crystal symmetry, show an axial magnetic configuration with a small curling
component at the surface. In turn, CoNi segments, with hexagonal crystal symmetry and a strong
magnetocrystalline anisotropy perpendicular to the nanowires, show a single vortex state in the
shorter segments and multi-vortex or multi-transverse magnetic configurations in medium and
long segments, respectively. A detailed study by micromagnetic simulations reveals that the
magnetic configuration is determined mainly by the coupling between soft Ni and harder CoNi
segments. For short CoNi segments, Ni segments are magnetostatically coupled and the chirality
of the single vortex formed in CoNi remains the same as that of the curling in neighbouring Ni
segments. For longer CoNi segments, the remanent state is either multi-vortex or multi-transverse
state depending on whether the previously applied field was parallel or perpendicular to the
magnetocrystalline axis. The results point out the relevance of the cylindrical geometry to
promote the occurrence of complex magneto-chiral effects and provide key information for the
design of cylindrical magnetic nanowires for multiple applications.
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Cylindrical magnetic nanowires (NWs) are one of the most promising nanostructures studied in
the last years where the curvature is in the origin of novel magnetic applications.! They are
proposed as future materials for three-dimensional (3D) information technologies such as
magnetic recording, spincaloritronics, shift registers and logic gates, as well as in sensing
architectures or multiple biomedical applications. The use of 3D magnetic structures for memory
and sensing application will require “information carriers”, a role to be played by 3D domain
walls (DWs) and spin waves.>> The emerging interest toward cylindrical magnetic NWs is related
to the fact that their geometry promotes topologically non-trivial 3D magnetic structures such as
Bloch-point domain walls®, complex configurations that connect vortex domains with opposite
chirality, vortices or skyrmion tubes.* While domain walls and their dynamics are well explored
in lithographed planar nanostructures, 3D domain walls in cylindrical NWs are largely
unexplored. Vortex (Bloch point) domain walls present magnetization dynamics different from
that of standard transverse walls, where the left-handed and right-handed walls exhibit different
velocities due to an inversion symmetry breaking.® Furthermore, the Walker breakdown which
limits the domain wall propagation in flat geometries (nanostrips), is absent in cylindrical NWs.”

The design of cylindrical NWs for specific applications requires understanding and fully
controlling the magnetic configurations of individual magnetic NWs, determined by the
composition through the balance between the geometrical shape and magnetocrystalline
anisotropy. Importantly, cylindrical NWs can present multifunctional behavior due to their
interconnected response to electric and magnetic fields, electric current, mechanical stresses or
thermal gradients.® The tailoring of magnetic properties, by fabricating either homogeneous NWs
or multilayers combining different materials and engineering the NW geometry (e.g. producing
bamboo-like structures with modulations in diameter or notches along their lengths) could provide
a rich playground for functionalization.” '?

The control and stabilization of domains and domain walls in cylindrical NWs has been achieved
in multilayer/multisegmented structures'*!® by alternating magnetic segments of different
magnetic behavior or with non-magnetic metallic segments. This design can provide active
channels for domain wall pinning or spin wave manipulation. The multilayers formed by non-
magnetic/magnetic layers can be used for domain wall pinning or confinement of specific
domains. They are employed in a number of technologies'® and are promising candidates for spin
transfer nano-oscillators with ultra-wide operating microwave frequency with a synchronization

202314 or as shift-registers.?* Recently, the magnetization

possibility via magnetostatic coupling
reversal following a ratchet effect was observed in FeCo/Cu multisegmented NWs. The observed
unidirectional propagation, irrespective of the field direction, is interpreted as originating in the
broken symmetry induced by the tailored length of FeCo segments, promoted by the
magnetostatic coupling between adjacent segments.!> On the other hand, the magnetic/magnetic
multisegmented NWs offer the possibility to produce a system with alternating anisotropies which
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can pin domain walls between the segments or nucleate and stabilize them due to the

influence of the neighboring material.

In this context, Co-based alloy NWs are good candidates for tailoring designed magnetic
anisotropies and consequently, magnetic behavior. The low magnetocrystalline anisotropy of
cubic, bce and feec symmetry, materials (Fe, Ni, NiFe, FeCo) combined with the high anisotropy
of the hexagonal Acp symmetry of Co allows tailoring the magnetic properties of the system. In
the particular case of NWs with low magnetocrystaline anisotropy, the shape determines the
formation of single axially magnetized domain state. In contrast, in Co NWs the
magnetocrystalline anisotropy plays a decisive role as they crystallize usually into a /cp phase



with a strong magnetocrystalline anisotropy energy constant and an easy axis (the c-axis) in most
cases nearly perpendicular to the NWs.?”2® This promotes the formation of vortex, transverse and
more exotic combined magnetic configurations®. While multisegmented NWs with alternating
magnetic anisotropy have been studied in several occasions,!*!8232630 there is no report to our
knowledge of the detailed mechanism or the origin for the formation of specific domains or
magnetic configurations.

CoNi NWs were shown to present hybrid magnetic states consisting of a mixture of perpendicular
and vortex domains.’! In the present work we prepared multisegmented CoNi/Ni NWs with
tailored alternating magnetic anisotropy with the aim to control the occurrence of different states
by using the effect of confinement and interaction between segments. Various magnetic states
(e.g. demagnetized state and at remanence after applied field in different orientations) have been
experimentally determined by X-ray Magnetic Circular Dichroism combined with Photoemission
Electron Microscopy (XMCD-PEEM). Complementary micromagnetic simulations helped us to
unveil the mechanism that determines the formation of different domain structures observed in
CoNi segments.

Results and Discussions

Three types of [CoNi/Ni]io NWs (with constant Ni length and different CoNi segment lengths),
were prepared by electroplating filling the pores of anodic aluminium oxide (AAO) membranes
[For details, see the Supplementary Information®*-'-32].

The High-Resolution Transmission Electron Microscopy (HRTEM) analysis confirms the
multisegmented morphology with a uniform diameter, and periodic and sharp interfaces.
Quantitative analysis reveals that the NWs diameter is 140 nm, with lengths of 600 nm, 1200
nm and 1400 nm for CoNi and about 1000 nm for Ni segments (Figures 1 (a), (b)). The Energy-
Dispersive X-ray Spectroscopy (XEDS) measurement of CoNi segments indicates an 85:15 atom
ratio of Co:Ni, i.e. a CossNijs/Ni composition for the multisegmented NWs. XEDS profile shows
sharp interfaces between the segments, with an intermixing area of around 20 nm for Co into the
Ni layer (Figure 1(c)).

Figure 1. (a) SEM image of a single CoNi (1200 nm)/Ni (1000 nm) NW, (b) Scanning Transmission
Electron Microscopy (STEM) based on core-loss electron energy loss spectroscopy, XEDS chemical
mapping of CoNi (1400 nm)/Ni (1000 nm) and (c) XEDS profile along the interface between layers, (d)-



(e) atomic-resolved HRTEM images and corresponding FFT patterns (top-right panel) and atomic model
(bottom-right panel).

Figure 1(d) shows a typical atomic HRTEM image in Ni segments, which corresponds to the
[-110] crystallographic orientation of face-centred cubic (fcc) Ni. The Fast Fourier Transform
(FFT) patterns in the top-right panel and the atomic model in bottom-right panel of Fig. 1 (d)
show the reciprocal and real space of the crystal structure and the crystal orientation of fcc Ni,
agreeing well with the HRTEM results. The crystallographic structure of CossNiis segment was
also verified by the HRTEM (Fig. 1 (e)) and the corresponding FFT pattern in Figure 1 (e)-top-
right panel, showing a hcp crystalline structure oriented along [010] direction.

Magnetic imaging was performed by XMCD-PEEM. This technique has been proved recently to
be unique to explore the magnetization configuration of individual cylindrical NWs providing
simultaneous information of the magnetization distribution at the surface (direct emitted
photoemission from the wire) and inside the NWs (photoemission from the substrate from photons
transmitted through the wire).!!*33¢ The measurements were taken at both Co and Ni- L3 edges
(778 and 852 eV, respectively) to get a full picture of the magnetic structure along the
multisegmented individual NWs. Prior to the experiments the samples were demagnetized in a
decreasing-amplitude alternating magnetic field perpendicular to the NW. XMCD images present
different magnetic contrast when the X-ray beam incidence is perpendicular to the NW axis: (i)
bright or (ii) dark contrast indicate that the magnetic moments are oriented parallel or anti-parallel
to the X-ray propagation vector, respectively, and (iii) grey contrast when the magnetic moments
are oriented perpendicular to the X-rays, i.e. parallel to the NW axis.

Figure 2 depicts the XMCD-PEEM images taken at the Co-edge, of CoNi/Ni
multisegmented NWs with lengths of the CoNi segments of 600 nm (Figure 2(a)), 1200 nm
(Figure 2(b)), and 1400 nm (Figure 2(c)). For the NW with shorter CoNi segments the data (both
the direct signal and the signal from the shadow!!) show that each CoNi segment presents a single
vortex state (either bright or dark contrast, depending on the chirality). When the upper part of
the vortex domain is oriented parallel to the x-ray propagation vector, the resulting contrast on
the wire appears bright (i.e. dark in the shadow), while for the antiparallel orientation the resulting
contrast appears dark/bright on the wire and shadow, respectively. For a more detailed description
of the magnetic contrast formation, see Supplementary Information. In the CoNi with
intermediate length up to three vortices with alternating chirality (contrast) are formed inside each
segment (Figure 2(b)). Finally, in the NWs with longest CoNi segments (1400 nm), we observe
the occurrence of either vortices or periodically transversal domains (Figure 2(c1-c2)). Figure 2
(c1) shows a nanowire presenting one or two vortices in the CoNi segments. A second CoNi/Ni
nanowire is presented in Fig. 2 (c2) showing a combination of vortices and transversal domains.
A close-up image of the marked segment (red dashed square) in Fig. 2 (c2) is shown in Fig. 2
(d1). At the left side of the CoNi segment first a vortex domain with a length of 250 nm is formed
followed by the periodic transversal domains. The width of the transverse domains is estimated
from the XMCD contrast profile across the wire (at the position of green dashed line) to be of
about 105 nm (Figure 2(d2)).
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Figure 2. Chemical contrast (upper images) and XMCD-PEEM (lower images) contrast at Co L3-edge of
CoNi(x)/Ni(1000nm) multisegmented NWs with (a) x=600 nm, (b) x=1200 nm and (c) x=1400 nm. (d,)
XMCD-PEEM image of transversal domains in a 1400 nm CoNi segment, (d2) XMCD profile of the CoNi
segment (d;) presented at the position marked by dashed horizontal green line. Scale bar 1pum.

To summarize, the experimental results reveal the presence of one to three vortex domains and a
transversal multidomain configurations in CoNi segments depending on their length, while Ni
segments are in single axial domain state (not shown here).

Figure 3. Chemical contrast (upper images) and XMCD-PEEM (lower images) measurements of a
CoNi(x)/Ni NW with x=1200 nm. XMCD-PEEM images taken (a) at Co L;-edge with the beam pointing
perpendicular to the NW axis, (b) and (c) at Ni Ls-edge with the X-ray beam pointing at 45° under £170
mT magnetic fields as indicated by the solid black arrows. The dotted blue lines in (b) and (c) delimitate

the shadow of Ni segments produced by the beam oriented at 45°. The scale bar is 1 pum.

To study the evolution of magnetic configurations under applied field, we placed CoNi
(1200nm)/Ni(1000nm) NW in a sample holder enabling in-situ application of in-plane magnetic



fields up to =170 mT.?” The magnetic field is applied along the nanowire axis as indicated by the
black arrows in Figure 3. Due to the difficulty to obtain XMCD images with the required spatial
resolution under applied field, which disturbs the low energy electrons in the PEEM, we restricted
our observations to the remanent states, i.e. after reducing the field back to zero. Figure 3(a) shows
the magnetic configuration of CoNi segments after magnetic fields were applied along the
nanowire axis in both senses and various strengths: the magnetic state of CoNi segments (single
or double vortices with opposite chirality) stays unchanged, denoting a stable minimum-energy
configuration, likely stabilized by the large perpendicular magnetocrystalline anisotropy of Co
(Figure 3(a)). In order to detect the magnetization of both CoNi and Ni segments (with magnetic
moment oriented perpendicular and parallel to the NW axis, respectively), the sample was rotated
to 45 degrees with respect to the beam incidence and the photon energy was swept between the
Co and Ni Ls-edges. The magnetization of the Ni segments lies along the nanowire axis and
switches the orientation with the magnetic field. Figure 3(b) shows an image at the Ni Ls-edge
after a longitudinal magnetic field of +170 mT. A uniform bright contrast is observed, suggesting
a single magnetization state oriented along the X-ray propagation vector. A weak bright and dark
contrast is observed also in the CoNi layers, even if the Ni content is only 15%. By changing the
magnetic field polarity to -170 mT, the magnetization in Ni segments is reversed (uniform dark
contrast along the NW in the XMCD-PEEM image of Figure 3(c)). Although images in Fig. 3(b)
and particularly (c) are of lower quality due to time constraints during the synchrotron
measurements' , the contrast and resolution are enough to identify the magnetization direction in
both types of segments. To sum up, under maximum available applied field, Ni segments reverse
axial magnetization while vortex domains in CoNi segments remain unchanged, confirming their
respective soft and hard magnetic character.

To reveal the origin of different magnetic structures observed in Ni and, most interestingly, in
CoNi segments, micromagnetic simulations have been performed. In principle, several factors
can influence the magnetic structure in CoNi: (i) the segment length through both, the
confinement and the magnetostatic shape anisotropy effects, (ii) the magnetization direction of
the neighbouring Ni segments through stray fields, and (iii) the CoNi Acp phase anisotropy
direction with respect to the applied field.

In order to disentangle the importance of different contributions we have performed
micromagnetic simulations with the finite difference micromagnetic software mumax33®, with a
maximum discretization size of 1.5 nm. Periodic boundary conditions along the NW axis direction
mirror the experimental conditions of NWs with large number of segments, and remove
nucleation effects at the ends of otherwise shorter simulated NWs. The diameter of the NW has
been set to 140 nm, the length of Ni segment to 900 nm while the length of the CoNi segments
was varied. The material parameters, crystal structure, and geometrical parameters of the
segments are collected in Table I. Following the XMCD-PEEM observations, the remanent states
of multisegmented CoNi/Ni NWs have been evaluated for different lengths of CoNi segments and
an external magnetic field previously applied perpendicular to the NW axis, i.e. either parallel or
perpendicular to the easy magnetization axis of the Acp structure.

! Due to the curved geometry of the NW and its different height with respect to the shadow, the alignment,
in particular of the angle limiting aperture (‘contrast aperture’) is very critical for the image quality and in
rigor, a realignment should be done after the application of each magnetic field: the small remanence
deviates the very low energy electrons enough to cause artifacts such as the bright line at the bottom of 3

(c).



Table I. Parameters used in micromagnetic modelling: saturation magnetization, w,Ms, exchange stiffness,
Acx, crystalline structure, easy axis direction, magnetocrystalline anisotropy constant, K;, and length of
CoNi and Ni segments. Saturation magnetization and exchange stiffness for CoNi alloys have been obtained

by linear interpolation with the Co content of the alloy in Ref. 3!

Material | pM; | A Crystal Easy axis K Segment length
(T) | (pJ/m) | structure (kJm™) (nm)
Ni(111) | 0.61 34 fec [111]]|NW 438 900
1 axis
CossNis 1.60 26.0 hep At 88° with 350 600, 900, 1200
[31.39.40] NW axis

The magnetic configurations in Figures 4(a)-(c) correspond to remanent states obtained after
magnetizing the nanowire under 2 T magnetic field applied in the y-direction, i.e perpendicular
to the NW (x-direction) and to the /cp anisotropy easy axis (z-direction). In order to analyze the
curling component, the my component of the magnetization is shown along the bisegmented NW
images (longitudinal cross-sections) while the color scale in transverse cross section images
corresponds to the axial component of magnetization my. The results show that the Ni segments
are mainly axially magnetized along the NW axis (e.g. the fractional axial remanence of Ni
segment magnetization, normalized to its saturation magnetization, is m;= 0.78). Note the white
and light blue-red colors almost everywhere in the longitudinal cross-section as well as a small
curling magnetization component extending along the entire Ni segment, visible also in the
transverse cross sections of Figures 4 a.l, b.1, b.2. The magnetization distribution in these
transverse cross sections indicate that the curling structures present a large area where my
component is predominant (indicated by red color). The core of all curling structures is displaced
from the nanowire axis towards one of the NW sides, following the CoNi magnetization
configuration in the adjacent segment of CoNi. Overall, this structure is similar to the vortices
with very large core observed reported in FeCo NWs.!!

‘ HSX

Figure 4. Schematic illustration of the simulated multisegmented NW with indication of the anisotropy easy
axis and the perpendicular magnetic field (top panel). Panels (a,b,c), longitudinal cross sections of



nanowires showing the magnetization distribution at remanence for various lengths of CoNi sgments (a)
600 nm, (b) 900 nm and (c) 1200 nm. The axial cross sections are coloured according to the transverse
component of magnetization, my. The labels 1-7 indicate the positions of the transverse cross-sections a.1-
a.2, b.1-b.7 and c.1-c.3. from (a), (b) and (c) respectively. The arrows inside the transverse cross-sections
represent the local magnetization direction, and they are coloured by the axial component of magnetization
my.

Simulations indicate that the magnetization structure in nanowires with shortest CoNi segments
(Figure 4 a.2) consists of a single vortex domain with the same polarity and chirality as the curling
component of magnetization in the Ni segments (Figure 4 a.1). We have checked that the
magnetization curling indeed starts in the Ni segments. This happens due to the fact that in CoNi
the shape anisotropy is counterbalanced by the magnetocrystalline anisotropy, perpendicular to
it, and its effect is largely reduced. In Ni segments separated by short CoNi segments, the curling
at the ends occurs with the same rotational sense, probably due to magnetostatic coupling through
short CoNi segments, which prefers a parallel chirality configuration. The formation of curling
structures in Ni segments is followed immediately by the magnetization curling in CoNi segments
through the exchange coupling at the interfaces and mimics the curling sense of the Ni segments,
due to the minimization of total energy, i.e. avoiding magnetic charges at the interface between
the two materials.

In the case of multisegmented NWs with longer CoNi segments (900 and 1200 nm), two curling
regions with opposite chirality are formed along the Ni segment as observed in Figures 4 (b-c),
where now the fractional axial remanence of Ni is m; = 0.75. The longer CoNi segments provide
more spacing between Ni segments which effectively become magnetostatically decoupled. In
this case, the curling structures in Ni are formed with opposite chirality as in individual NWs due
to magnetic torque effects.*! As a consequence of two Ni curling regions, the magnetic domain
structure of CoNi segments consists in a pair of vortices with opposite chirality (see Figures 4(b-
¢)). The left vortex in this segment represents actually a prolongation of the curling component
from the Ni segment (Figures 4 b.2, b.3). Hence, the whole nanowire shows alternating chirality
as aresult of the energy minimization (Figures 4 b.1-b.7). The region between two vortex domains
is divided by a region with transverse magnetization, which locally minimizes the exchange
energy (Figures 4 b.4-b.6) similar to transverse domain states observed in nanotubular
systems.*>* For the 3D representation of the region between two vortex domains see section 1I(a)
of the Supplementary Information .

The section II(b) of the Supplementary Information compiles the results of modeling under the
assumption of the rotation of the c-axis along CoNi segment. In this case, more than two vortex
domains are obtained in each segment. Also, additional information is given in section II(c) about
the simulations related to different directions of the axial magnetization in Ni segments which
have a small influence on the observed magnetization structures. Thus, the small magnetization
curling in the neighboring Ni segment is a more important factor influencing the structure of CoNi
segments than the direction of the large axial Ni magnetization component.



Figure 5. Schematic illustrations of the simulated multisegmented NW and indication of the direction of
magnetocrystalline anisotropy easy axis and the perpendicular applied magnetic field, Hex (Top panel).
Panels (a,b,c) indicate longitudinal cross sections showing the magnetization distribution at remanence for
various lengths of CoNi sgments (a) 600 nm, (b) 900 nm and (c) 1200 nm. The axial cross sections are
colored according to the transverse component of magnetization, my. The labels 1-3 indicate the positions
of the transverse cross-sections a.1-3. The arrows inside the transverse cross-sections represent the local
magnetization direction, and they are colored by the axial component of magnetization my. Panel a.3 shows
the magnetization distribution on the nanowire surface in the region enclosed by the dashed square 3.

The simulations in Figure 5 correspond to the structure of magnetic domains formed in the CoNi
segment at remanence after the application of a magnetic field perpendicular to NW, but parallel
to the magnetocrystalline anisotropy easy axis. The domain structure in all of the CoNi segments
(various lengths) consists of an ordered sequence of multiple transverse domains where
magnetization alternates its direction along the easy axis as previously reported in other
nanostructures.”!’ The width of a single transverse domains is 97 nm, 89 nm and 85 nm,
respectively for the NWs with 600 nm, 900 nm and 1200 nm CoNi segments. These values agree
with the domain width of about 105 nm observed in the experiments (See Figure 2 (d1)). Note
that the transition between neighboring transverse domains (see Figure 5a.3) occurs by the
formation of vortices on the NW surface with cores pointing perpendicular to the NW (Further
details provided in section IlI(a) of the Supplementary Information). These vortices have been
recently observed by Electron Holography.*

Conclusions

Multisegmented cylindrical nanowires have been synthesized with designed alternating CoNi/Ni
composition in order to tailor the magnetic states of individual segments through the effects of
materials geometry and anisotropy.

XMCD-PEEEM imaging of multisegmented NWs reveals that the magnetic structure in Ni
segment is in a dominantly axial magnetic state while in CoNi segments it depends on their length.
In NWs with the shortest CoNi segments (600 nm), we observed single vortex domains, in longer



segments of 900 nm we observed one to three vortex domain states, while in the NWs with the
longest CoNi segments either multi-vortex or multi-transverse domains were observed.

To disentangle different contributions to the observed behavior, we performed micromagnetic
simulations. While one might think that the shape factor of CoNi segments could play the decisive
role, we note that the segments are long enough for the difference in shape anisotropy to be minor.
Our simulations show that although the Ni is in an almost single-domain state, it is not completely
saturated, and presents a small magnetization curling on the NW surface. Its chirality is formed
prior to formation of magnetic structures in CoNi and defines the state of CoNi, that is its chirality
along the whole CoNi segment. Here, the magnetostatic coupling of Ni segments plays a decisive
role. For longer CoNi segments, Ni segments become decoupled, and the curling structures are
formed with different chirality at the opposite ends of Ni segments as in individual NWs. CoNi
domains mimics this chirality (at least at the interface CoNi/Ni) in order to avoid magnetic charges
at the transition.

On the other hand, the remanent magnetic structure of CoNi segments depends on the direction
of the previously applied field. If the direction is perpendicular to both the NW and the
magnetization easy axis, the vortex domains simply expand inside the segment following the
structures formed at the interfaces and resulting in one vortex domain for short segments and two
or more vortex structures for longer segments. The change of easy axis direction along one
segment may play here an important role in formation of two or more structures. In turn, when
the field is applied perpendicular to the NW but along the magnetization easy axis, transverse
domains are formed. They are separated by vortex domain structures with core at the surface
pointing perpendicular to it. This state can be alternatively viewed as multiple vortex domains
where the vortex cores are expelled to the surface (perpendicular to the anisotropy axis to
minimize this energy) and transverse domains are formed in between. In even larger CoNi
segments, we should not exclude the influence of defects which can additionally promote the
multidomain states.

Our results demonstrate a complex interplay of different energetic contributions and geometry
determining the resulting magnetic structures. We stress the importance of different factors which
should be taken into account for the design of magnetic NWs. Particularly, we show that an
apparently trivial axial magnetization structure in Ni segments has a strong effect on the
neighboring segments through a tiny curling of magnetization on the surface, not even visible in
imaging techniques. The overall results show how important the cylindrical geometry of magnetic
nanowires is to promote novel physics related to magneto-chiral effects.

METHODS/EXPERIMENTAL

CoNi/Ni nanowires were prepared by electroplating filling the pores of anodic aluminum oxide
(AAO) membranes. These templates were obtained by hard anodization in oxalic aqueous
solution (0.3M) containing 5 vol.% ethanol at a constant temperature of 0-1°C.253! Pores with 140
nm in diameter and 60 pm in length were obtained. Afterwards, the residual Al and the alumina
barrier layer at the bottom of the foils were chemically etched, and an Au layer was sputtered to
serve later as an electrode for final electroplating of the nanowires. The multisegmented
nanowires were grown inside the nanopores, at room-temperature, by DC electrodeposition using
two different electrolytes 0.75M NiSO4 + 0.3M NiCl, + 0.3M H3;BO3 and 0.178M CoSO4 +
0.095M NiSO4+ 0.32M H3;BOs+ 0.056M CsHsOs for different periods of time. Both segments
were electrodeposited at a constant voltage of 1.1V (Ni segments) and 1.2 V (CoNi segments) for



35seconds Ni and 35, 50 and 60 seconds for CoNi, respectively. The bilayers were repeated 10
times. Finally, the alumina was dissolved by using a mixed solution of CrO; and H3POs. After
repeatedly wash of individual nanowires using sonification, they were dispersed on a Si substrate
by spin coating.

The XMCD-PEEM measurements were performed at the CIRCE beamline of the ALBA
Synchrotron Light Facility (Barcelona, Spain) using an ELMITEC LEEM III instrument with
energy analyzer. The samples are illuminated with circularly polarized X-rays at a grazing angle
of 16° with respect to the surface. The emitted photoelectrons (low energy secondary electron
with ca. 1 eV kinetic energy) used to form the surface image are proportional to the X-ray
absorption coefficient and thus the element-specific magnetic domain configuration is given by
the pixel-wise asymmetry of two PEEM images sequentially recorded with left-and right-handed
circular polarization (for more details see Supplementary Information).

Micromagnetic modelling of individual multisegmented CoNi-Ni nanowires has been carried
out using a finite difference discretization scheme implemented in mumax3 software.*® The
simulated nanowire, 140 nm in diameter, consists of a Ni segment of 900 nm length and a CoNi
segment with periodic boundary conditions. The length of the CoNi segment is set to 600, 900 or
1200 nm. The material parameters and the crystal structure are detailed in Table I. The
magnetocrystalline easy axis in CoNi is placed nearly perpendicular to the nanowire axis. The
magnetic remanent state has been evaluated after the application of a magnetic field perpendicular
to the nanowire.
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