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Spatial magnetic imaging of non-axially symmetric vortex
domains in cylindrical nanowire by Transmission X-ray Microscopy

b b

Jose A. Fernandez-Roldan®*, Cristina Bran®, Agustina Asenjob, Manuel Vazquez®, Andrea
Sorrentino®, Salvador Ferrer®, Oksana Chubykalo-Fesenkob and Rafael P. del Real®*

The spatial magnetization texture of a cylindrical nanowire has been determined by Transmission X-ray Microscopy (TXM)
and X-ray magnetic circular dichroism (XMCD). For this purpose, nanowires with designed geometry, consisting of CoNi/Ni
periodic segments, have been grown by designed electrodeposition into alumina templates. Experimental data allows one
to conclude the presence of mono- and trivortex magnetic domains in CoNi segments but, unusually, these states are
characterized by an asymmetric XMCD contrast across the nanowire’s section. Micromagnetic modelling shows non-trivial
three-dimensional structures with ellipsoidal vortex cores and non-axially symmetric magnetization along the nanowire
direction. The modelled TXM contrast of micromagnetic structures allows to correlate the experimental asymmetric XMCD

contrast to the easy axis direction of the uniaxial magnetocrystalline anisotropy.

Introduction

The accumulated experience on nanoscale effects in planar
nanostructures enables the take-off of 3D nanomagnetism that
offers development of integrated devices based on 3D
nanoarchitectures with curved geometries—3. However, the
experimental access to 3D morphologies is much more
challenging than for planar systems and, so far, research to date
has not yet explored all interesting complexities of the vast
diversity of three-dimensional spin textures, with few
exception4®. In this scenario, magnetic cylindrical nanowires
offer a controllable constant surface curvature and a wide range
of potential capabilities from both fundamental and
technological points of view®3. The curvature and confinement
of cylindrical nanowires (NW) promote novel non-trivial
structures such as Bloch-point domain walls®, helical magnetic
tubes!3. The
identification of spin textures that could serve for novel

configurations®1l  vortices!2 or skyrmion
technologies relies on the imaging of these diverse 3D
magnetization textures in tailored nanowires.
tomography based on the Transmission X-ray Microscopy (TXM)
and X-ray Magnetic Circular Dichroism (XMCD) imaging
techniques has allowed the identification of buried magnetic
textures such as 3D Bloch points as well as magnetic hophions14-
17. The current challenge is to determine the magnetization
spatial distribution in more complex 3D geometries#>1819, For
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magnetic cylindrical nanowires, TXM-XMCD techniques are very
promising for the access to detailed information of 3D
magnetization configurations since this technique probes the
full inner wire and not only its surface.

We aim at the deep understanding the 3D magnetization
configuration in multisegmented CoNi/Ni cylindrical nanowires.
The periodic change of the nanowire composition leads to an
anisotropy
structure in each segment29-22, Importantly, previous studies in

alternating magnetocrystalline and domain
CoNi nanowires report a large uniaxial magnetocrystalline
anisotropy that promotes vortex domain structures23, while Ni
segments show a well-known axial magnetization. At the same
time, the multisegmented nature with relatively small segment
lengths, which we use in this article, ensures the presence of
small number of magnetic domains in each segment due to the
confinement effect.

Here, using TXM-XMCD imaging in combination with
and TXM
reconstructed the complex three-dimensional spin textures in

micromagnetic signal modelling, we have
the CoNi segments and determining the chirality and polarity of
the vortex and showing how the direction of the magnetic easy
axis influences on the shape and direction of the vortex

structure in cylindrical nanowires.

Results and discussion

Multisegmented [CogsNiis/Nilio cylindrical nanowires were
grown by controlled electrodeposition into alumina templates.
Each NW consists of periodically alternating segments of CoNi
alloy and Ni. NW diameter was about 140 nm and the average
lengths were of approximately 1.2 and 1.0 um for CoNi and Ni
segments, respectively. The Ni segments present a face-
centered cubic (fcc) structure while the CoNi segments show
hexagonal close packed (hcp) CoNi crystalline structures.
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Further details on the synthesis, geometrical and structural
characterization are reported elsewhere?*. The sample was
prepared for TXM through dilution of the template by chemical
methods and deposition onto a SiN substrate.

Transmission X-ray microscopy

We performed the magnetic imaging of individual
nanowires at the MISTRAL beamline of the ALBA Synchrotron
light source. A full field transmission X-ray microscope that is
equipped with monochromatic circularly polarized photons?3
permits the imaging of element specific magnetic contrast at
the corresponding absorption energy in order to enhance the
magnetic sensitivity of the X-ray absorption coefficient. Under
resonant conditions, the magnetic dichroism depends on the
dot product, & k-m, providing angular sensitivity to the
absorption process in the direction of the X-ray wave vector k
relative to the magnetization m (being 6 the magnetic
dichroism)15. The geometry of such experiment is illustrated in
Figure 1(a). Here, the y-axis is normal to the SiN substrate
(laying in the xz-plane) that supports the nanowires, and the x-
axis is collinear with the nanowire axis; k (laying in the xy plane)
is normal to the z-axis. In the experiment, the sample rotates by
the angle a (within the xy-plane) around z-axis as indicated in
Figure 1(a).

Prior to the imaging, we demagnetized the samples in a
magnetic field perpendicular to the nanowire axis. We restrict
our measurements within the incident range -45 2 < <45 2 and
photon energies to the L3 (778.1 eV) and L2 (793.2 eV)
absorption energies of Co to enhance the magnetic contrast
since they have an opposite sign of the dichroism é (which takes
the values 6 (L3) = 0.27 and & (L2) = -0.20 1525), As a result, the
subtraction of two images suppresses the non-magnetic
contribution while enhancing the magnetic contrast. At each
incident X-ray direction, several images were acquired at the L3
and L2 photon energies, aligned and then subtracted. We
estimated a ratio log(l2)/log(ls) = 0.716 between intensities at L2
and L3 edges. Finally, inhomogeneities in the illumination of the
substrate by means of a normalization to a flat field image were
corrected.

For easing the interpretation of our TXM results, we present in
Figure 1(a-b) a perfect vortex configuration in the nanowire, for
which the k-m product varies from positive to negative values
across the NW section and therefore it produces a symmetric
bright-dark contrast in TXM images. Figure 1(c) presents an
experimental TXM image of the magnetic contrast in a part of a
nanowire taken with normal incidence (a =0). The darkest and
whitest spots at the interfaces between CoNi and Ni segments
are ascribed to technical artifacts whose origin is still to be
explained. Specifically, on this image we observe two CoNi
segments showing magnetic contrast and, in between, an
almost invisible segment which corresponds to Ni. The small
contrast visible at the Ni segments arises from the slightly
different charge absorption coefficient of Ni at the energies of
Co L2 and L3 edges. The contrast obtained in Figure 1(c)
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qualitatively agrees with the results obtained in previous XMCD-
PEEM measurements in similar nanostructures?426. Here, the
contrast in Figure 1(c) indicates a single vortex-like structure in
the whole left CoNi segment, while the right segment (labelled
trivortex) shows three vortices. Note that according to Figure 1
(b) the contrast sequence across the nanowire (dark-white or
white-dark) is related with the vortex rotational sense (defined
here as chirality®) and thus the central vortex in the trivortex
evidences the same chirality as the single vortex in the left
segment.
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Figure 1. a) Description of the Transmission X-ray microscopy

experiment. The X-ray beam with wave vector k is transmitted through
the nanowire with an angle a with respect to the nanowire surface. The
magnetization in the nanowire m adopts a perfect vortex configuration.
b) Sketch for a purely symmetric vortex structure along the nanowire
length; the sign of the dot product k-m switches exactly in the middle.
¢) TXM contrast for normal incidence (a =0) of a selected part of CoNi/Ni
nanowire that show three segments: a CoNi Monovortex segment, Ni
segment and a Trivortex CoNi segment. The profile of the contrast
across the nanowire in the z direction at the four colored vertical lines
is detailed in d): Monovortex, Trivortex-Left, Trivortex-Center and
Trivortex-Right. The profile of the contrast along x-coordinate (along the
nanowire) are represented in Figure e) at three different z values: 52
nm, 70 nm and 80 nm.

Most importantly, magnetic contrast is not symmetric with
respect to the NW axis?2. Figure 1(d) shows the magnetic
contrast profile along the z-axis in the center of the vortices
(marked by colored vertical lines in Figure 1(c)). The change of
the contrast sign reflects different vortex rotational senses.
Note that zero-contrast position is located at 52 nm for the
vortices at the left and right sides of the trivortex state while it
shifts to 80 nm for the monovortex and the central vortex in the
trivortex state (called here trivortex-center). This is further

This journal is © The Royal Society of Chemistry 20xx
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confirmed by the profile of the magnetic contrast along the
nanowire for selected z values shown in Figure 1(e).

Another important result of Figure 1 is related to the transition
between vortices with opposite chiralities in the trivortex state.
While some theoretical studies have pointed out that the
encounter of two vortices with opposite chirality produces a
strongly topologically protected domain wall in nanowires3.26,
no experiments has directly imaged and confirmed its structure
up to now.
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Figure 2. a) Top panel, magnetic contrast image obtained from the
subtraction of images at 9=452 and @ =-459, evidencing the axial
magnetization direction. Bottom panel, a sketch illustrating the
magnetic configuration (vortex chirality and polarity) for the CoNi
segments with oversized cores. b) Profile of the magnetic contrast along

the red horizontal line in a).

It is worth recalling that the addition of the contrast of the
images for the same positive (a) and negative (-a) incident X-
rays provides the magnetization in the y direction, while their
subtraction mainly provides the magnetization along the
nanowire (x-direction). Figure 2(a) presents the magnetic
contrast proportional to the mx component of magnetization
obtained from the images at the incidences a=+452 showing
positive and negative axial magnetization orientations in the left
and right segments, respectively. Figure 2(b) presents the value
of the magnetic contrast along the red line that is marked in
Figure 2(a). Here the positive and negative contrasts in the
respective left and right CoNi segments confirm the rightwards

This journal is © The Royal Society of Chemistry 20xx

and leftwards axial orientation of the magnetization in
comparison with the vanishing contrast in Ni. Figure 2(a)
(bottom panel) shows a schematic illustration of the polarity
and chirality directions in each CoNi segment, based on the TXM

contrasts introduced in Figures 1(c) and 2(a).

Micromagnetic modelling of spin textures and vortex domains

In order to unveil the magnetic configurations leading to the
asymmetric contrast that is depicted in Figure 1(c), we have
performed micromagnetic modeling of the corresponding
magnetic states that will later be used to evaluate their
theoretical TXM contrast. Specifically, we modelled the
monovortex and trivortex magnetic states in a bisegmented
CoNi/Ni nanowire with periodic boundary conditions using the
mumax3 micromagnetic code?’ (See section 1 in Electronic
Supplementary information). Co rich nanowires typically grow
with hexagonal crystal structure whose c axis is nearly
perpendicular to the nanowire axis?8, as is our case. Thus, the
hcp crystal structure gives rise to a high magnetocrystalline
anisotropy and in competition with the shape anisotropy it
promotes the formation of magnetic vortex states2829,

Nevertheless, the magneto-crystalline easy axis direction
may also slowly vary along the same nanowire due to the
presence of dislocations. Because of this fact, in our modelling
we performed a systematic study, varying the value and
orientation of the magneto-crystalline anisotropy axis inside
CoNi segments (See section 1.1 in ESI). Two representative
examples of the modelled monovortex state in a CoNi segment
for two orientations of the easy axis magnetization directions ¢
with respect to the nanowire axis are presented in Figure 3(a-
b). The left panels of these figures show a cross section of the
magnetization profile in a vortex magnetic domain colored
according to axial component of the magnetization my. For
¥=882 the isolines and the profiles of my component along y-
and z-axis demonstrate the ellipse-like shape of the asymmetric
vortex core with a long axis parallel to the easy axis of the
magnetocrystalline anisotropy (y-direction), which is almost
perpendicular to the nanowire. The measurement of the half
width at medium height gives core sizes of 68 and 22 nm along
long and short elliptical axes, respectively. Significantly, the core
center is located on the nanowire axis in the middle of the
segment, although it deviates slightly from the nanowire axis in
the vicinity of the CoNi/Ni interfaces. Our studies also confirm
that the core elongation depends on the value of the anisotropy
constant (see section 1.1 in ESI).

Turning now to the magnetic state in the CoNi segment with
the anisotropy axis forming 9=602 with the nanowire axis
(Figure 3(b)), we observe more revealing results. Here, the
magnetization profile in the NW cross-section shows a very
asymmetric structure along z-direction (the upper red and the
bottom blue colors stand for m,>0 and m,<0) in contrast to the
vanishing magnetization of the vortex state in Figure 3(a)(left).
While a naive view in terms of colors may resemble two
magnetic domains, the isolines point the area with largest m,>0
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and confirm a complex three-dimensional vortex-like structure
with a large distortion of the ellipsoidal-like core shape. Our
studies of the magnetization on the surface of the nanowire
(more details in ESI section 1.2) suggest that the plane
containing the vortex has rotated by some angle in the direction
of the easy axis.

Figure 3. Micromagnetic configurations of monovortex (a-b) and
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trivortex (c-d) states in CoNi segments: (a-b) Left- mxaxial magnetization
component in the cross section of the simulated CoNi monovortex at
x=600 nm (the center of the monovortex) for (a) 9=882 and (b) 9=602
respectively. The easy axis direction is assumed to lay in the xy plane.
Right: Vortex profile (mx, my and m.) of the elliptical vortex along y- and
z-axis (c) Axial magnetization component in simulated trivortex state
with and 9=609. (d) Selected magnetization streamlines in the region
delimited in (c), showing the vortex core displacement inside the
nanowire. Arrows on the surface indicates the direction of the
magnetization on the surface. Coloring of arrows and streamlines
indicates the magnetisation yz-angle.

The profiles of the my and m, magnetization components in
Figure 3(b) (center-right), symmetric with respect to the y-axis,
allows to estimate the vortex core size of 83 nm along this
direction, much larger than for 9 =882. Definition of the core
size corresponding to the decrease of the magnetization value
in two times from its maximum in both sides for the my
component along z-direction, provides a width around 16 nm,
smaller than for the =882 case. Additionally, there is a small
displacement of the vortex core center (defined where my is
maximum) of 5 nm along the z axis. Most importantly, a larger
tilt of the easy axis of the magnetic anisotropy towards the
nanowire axis induces a longitudinal magnetization component
(myx) which takes either positive or negative values at the
nanowire surface, breaking the axial symmetry of the
magnetization profile. This lack of circular symmetry of the
magnetization configuration is responsible for the asymmetric
TXM contrast, as we will prove below.

4| J. Name., 2012, 00, 1-3

For the trivortex state modelled for 9=60°2 (see the
magnetization configuration on the nanowire surface in Figure
3(c)), the profiles of the vortices in the domain center are similar
to that of the monovortex state. However, the encounter
between two vortex domains with opposite chirality leads to a
strongly topologically protected three-dimensional domain
wall, which here is represented by the streamlines. In this
domain wall the vortex cores (helical streamlines) repel each
other in the opposite direction, towards the nanowire surface
(see Figure 3(d)). In the wall center, the vortex cores exit on the
nanowire surface forming two surface vortices with the chirality
of the inner vortices. Further analysis (details in section 1.2 of
the ESI) confirms that for each vortex, a corresponding anti-
vortex with the same polarity is formed on the surface, so that
the domain wall consists of two surface vortices and two anti-
vortices. Thus, modelling indicates that the darker areas in the
right segment in the TXM contrast in Figure 2(a) could be
ascribed to this three-dimensional domain wall.

Modelling Transmission X-ray contrast from micromagnetic spin
textures.

With the aim to identify the TXM contrast in the experiment,
we have evaluated the X-ray transmission intensities from the
micromagnetic states in conditions close to the experiment. The
intensity of the transmitted signal /.(x,y,z) depends on the
normalized magnetization m(x,y,z) defined by the equations:

2 .
7y M lis(@) = —#:05@ 1+ 6(L3) k(a) -m), (1)
] .

3y iz (@) = —ﬁis(a) (1 +6(L2) k(a) -m), (2)

where the coefficient 0.85 accounts for the 85% Co composition
of the segment. The absorption of Ni is neglected since it is
much smaller than that of Co. AL(L3) and AL(L2) are the X-ray
absorption lengths of Co at the L3 and L2 energies, respectively.
The magnitudes of AL(L3) and AL(L2) were experimentally
determined by measuring transmission spectra of an ensemble
of clustered nanowires. The obtained values, AL(L3) = 82.8 nm
and AL(L2) = 102.7 nm, include the different transmissions of
the beamline monochromator and optics at the two photon
energies.

Our modelling confirms that the contrast asymmetry can be
only explained if we assume that the easy axis of magnetic
anisotropy forms a certain angle 9 <902, with the nanowire axis
(more details in section 2 of ESI). In this case the contrast
depends also on the position of the nanowire on the substrate,
since the nanowire can be rotated around its axis, which is
translated to a different angle between the X-ray incidence
direction and the magnetocrystalline easy axis, . Note that a
rotation of the easy axis around the nanowire axis switches the
contrast in the monovortex state as well as the domain wall
orientation, whose internal structure is oriented parallel to the
easy axis of anisotropy (See section 2.2 in ESI).

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. (a) Profiles of the modelled magnetic contrasts evaluated
across (c) monovortex and (d) trivortex simulated TXM images. (b)
Profiles of the modelled contrast along the x-direction for 3 different z
values of the trivortex simulated TXM image: z=57 nm, 71 nm and 85
nm. The results were extracted from simulations with the easy axis in
CoNi segments forming & =602 with the nanowire axis and $=2252 with
respect to the y axis.

The extensive study allowed us to fit the TXM contrast and
magnetic configuration closer to the experiment in a CoNi
segment with anisotropy easy axis at 9=602 and ¢= 2252 with
respect to the y axis. Figure 4(c-d) stands for the simulated
magnetic contrast for the monovortex and trivortex states. The
profiles of the simulated contrast in the z-direction of the
monovortex and trivortex in Figure 4 (a-b) show the asymmetric
magnetic contrast across the nanowire axis, similar to that of
Figure 1(d). Additionally, the simulated image shows the same
directions of 3D domain walls, separating domains with
opposite chiralities, in agreement with the experiment shown
in Figure 1(c). Furthermore, similar to the experimental profiles
in Figure 1(e), the simulated contrast in Figure 4(b) along x-
direction in the trivortex segment (for z =57, 71 and 85 nm)
evidences that the magnetic contrast displaces to more
negative values with the increase of the z coordinate in the left
and right vortices and to positive values for the central vortex.
Additionally, for z=71 nm the contrast is always negative in
agreement with the experiment. Thus, the agreement between
modelling and experiment defines a unique position of the
crystalline easy axis with respect to nanowire and X-ray
propagation directions.

It is also worth noticing the different simulated TXM
contrast shown by the two DWs in Figure 4(b). This difference
has been also observed experimentally (Figure 1(c) and 1(e))
and it is explained due to a 909 rotation of the right DW with
respect to the left one as it is made evident in the simulated
micromagnetic configuration shown in Figure 3(c).

Conclusions

In summary, the magnetic transmission X-ray microscopy
with an accurate magnetic contrast analysis has allowed us a
precise determination of the chirality and polarity of the mono

and trivortex structures in CoNi segments in CoNi/Ni

This journal is © The Royal Society of Chemistry 20xx

multisegmented cylindrical nanowires. The observed TXM
contrast appeared to be asymmetric in the transverse direction.
Micromagnetic simulations suggest that the shift of the contrast
is introduced by complex non-axially symmetric vortex
structures produced by a competition between shape and
magnetocrystalline anisotropy which easy axis forms an angle
of ca. 602 with the nanowire axis. Its orientation with respect to
the X-ray propagation direction has been also uniquely
identified. Importantly, vortex cores have ellipsoidal shapes.
The transition between the trivortex domains with opposite
chirality is given by a new three-dimensional domain wall that
is strongly topologically protected. Inside this wall vortex cores
repel each other and exit to nanowire surface. Our results open
new perspectives for the investigation of new types of
challenging complex three-dimensional magnetic states for
information technology applications-
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