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Introduction

Magneto-structural properties of rhombohedral
Ni and Ni—B nanotubes deposited by
electroless-plating in track-etched mica templates¥

Falk Muench, (2 ** Sandra Schaefer,? Miguel Méndez,” Jose Angel Fernandez-Roldan,”
A. Silvia Gonzalez-Garcia,” Victor Vega, () * Ulrike Kunz,® Wolfgang Ensinger,?
Javier Garcia® and Victor M. Prida @°

The intriguing properties of three-dimensional ferromagnetic nanotubes have attracted considerable
attention, which is further boosted by their manifest use as building blocks for nanoarchitectures,
magnetic devices, and potential applications in spin-wave spintronics, nanoelectronics, sensing, and
biomedicine. Despite their peculiar magnetic properties and technological relevance, scarce studies
have been reported in ferromagnetic nanotubes, and usually remain restricted to cylindrical morpho-
logies. However, only a few studies have addressed alternative three-dimensional geometries, and most
of them are focused on nanotubes with regular cross-sections, while the capabilities and additional
degrees of freedom of three-dimensional nanotubes with irregular cross-sections remain still
unexplored. Here, we present a synthetic platform for creating novel ferromagnetic nanotubes of
diamond-shaped cross-section and a high aspect ratio, which is based on applying an electroless-
plating deposition method to ion-track etched muscovite mica templates, providing a precise control
over their geometry. Nanotubes with a wall thickness of 45 + 5 nm were plated using both
nanocrystalline nickel and semi-amorphous nickel-boron alloys. Whereas the Ni—-B deposit exhibited
reduced saturation magnetization and acted as an ensemble of weakly interacting, quasi-super-
paramagnetic nanoparticles, pure nickel nanotubes showed an archetypal ferromagnetic behavior
dominated by shape anisotropy, whose defined structure is reflected in three distinct magnetic
directions: an easy magnetization axis lying parallel to the nanotubes, and two perpendicular,
increasingly hard magnetization directions connecting the opposing corners of the rhomboidal
nanotubes. As such, the rhombohedral ferromagnetic nanotubes offer additional degrees of freedom for
designing three-dimensional nanoarchitectures with controlled specific tailored-made configurational
magnetic anisotropy.

behaviours are displayed by these nanostructured systems in
comparison with their bulk counterparts, owing to their

In the last few decades, 1D magnetic nanostructures, such as
magnetic nanowires (MNWs), magnetic nanotubes (MNTs), and
superstructures based on these building blocks, have attracted
considerable scientific attention.'™® Novel exciting magnetic
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enhanced magnetic shape anisotropy and densely packed
arrangement that lead to well defined magnetic interactions.’*™?
Therefore, MNWs have been deeply studied in the literature,
covering a wide range of compositions, diameters and packing
densities of the MNW arrays.'***

In contrast, less attention has been paid to the magnetic
behaviour of nanotubes, despite their appealing advantages
with respect to nanowires. These advantages range from the
availability of an empty core that can be functionalized or filled
for drug delivery and related biomedical applications**>*® to the
possibility of independently controlling the tube diameter and
wall thickness, which allows one to select the magnetization
reversal process that can occur in coherent, transverse and
vortex modes,*>"” "2 thus being a promising building block for
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three-dimensional nanomagnetism with potential applications
in spin-wave spintronics.®?>°

Different synthesis strategies have been employed for
the fabrication of magnetic nanotubes. Among them, template-
assisted deposition techniques, such as electrochemical
deposition,**?*3%37 atomic layer deposition,">'*?%*'3839 and
electroless-plating stand out.>*******! Due to its facility and
scalability by lower operational costs, high deposit quality
and excellent coating conformality to plate complicated and
irregular geometries, electroless-plating represents a particularly
appealing wet-chemical metallization approach with improved
corrosion resistance due to a more consistent thickness.**™* To
fabricate metal nanotubes, a seeded template just needs to be
submerged in a plating solution, initiating the autocatalytic
deposition reaction.>*****%> While the nanotube dimensions
and shapes are defined by the template, the nanotube wall
thickness can be conveniently controlled by adjusting the plating
time and conditions.*

Mainly two types of nanoporous membranes have been
employed so far as templates for the fabrication of MNTs,
namely anodic alumina membranes'**%*** and ion track-
etched polymeric membranes.>*"***”~>! In both types of mem-
branes, the shapes of the resulting nanotubes are typically
limited to circular cross-sections, whereas other asymmetric
geometries can display enhanced optical, electronic or mechan-
ical properties®®® and hence are of high scientific interest,
allowing one to introduce additional magnetic anisotropy
sources to MNT array systems. By switching from polymers to
crystalline mica, ion-track etching technology can produce
templates possessing high aspect ratio pores of diamond-
shaped cross-section, allowing the deposition of 1D nanostruc-
tures exhibiting multiple anisotropy axes and consequently
directional properties.>* For instance, the cross-section of metal
nanowires affects their plasmonic behavior, making shape
control important for tailoring the resonance frequency, the
plasmon mode confinement or its propagation towards specific
applications such as subwavelength waveguiding.’"®” Metal
nanotubes can be understood as both, hollowed out nanowires
and curved thin films, thus exhibiting an even more complex
morphology, which can be translated to further enhanced
functionality.”® For example, remarkably novel effects, such
as asymmetric spin-wave propagation induced by the curvature,
as well as the stabilization of magnetic domain walls and the
suppression of Walker breakdown effects resulting in fast
domain wall propagation, spontaneous spin-wave emission
and the appearance of spin-wave resonant modes, have been
found in ferromagnetic nanotubes.>®>°7"

Previously, we have reported on the electroless-deposition of
metal nanotubes in Au ion track-etched mica templates,*
which represents the synthetic foundation for exploring the
3D magnetism of tailored rhombohedral Ni-based nanotubes
in this work. The templates are produced by irradiating mica
sheets with swift heavy ions, which due to their large momen-
tum pass through the material on linear trajectories, leaving
narrow zones of the damaged material behind. These ion tracks
are more susceptible than the bulk materials and thus can be
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selectively etched out. After the rapid dissolution of the track
material, bulk mica is slowly etched, allowing one to freely
increase the pore diameter. Due to the single-crystalline and
anisotropic nature of the mica template, the pores are angular,
corresponding to the lattice planes exhibiting the slowest
etching rates.>*®°

The fabrication of magnetic nanotubes with specific geo-
metry offers the possibility to control the magnetic anisotropy
of the nanostructures and thus the resulting magnetic beha-
viour of the deposit. However, most of the electroless-plated
Ni-based materials show nearly paramagnetic behavior due to
the atomic disorder typically induced by P or B atoms,®" which
stems from the chemical reducing agents that are co-deposited
during the plating process.*” Since the paramagnetic nature of
the deposit is not altered by the nanotube geometry, the
deposition of pure ferromagnetic Ni is crucial for investigating
the magnetic anisotropy. Thus, in this work, we report on the
electroless deposition of both Ni-B and pure Ni nanotubes in
track-etched mica templates, displaying a rhombohedral cross-
section geometry. Special emphasis is laid on the effect that
boron doping has on the microstructure and magnetic behavior
of Ni-based nanotubes, aiming to optimize the shape anisotropy
and the resulting magnetic behaviour in this novel nanotubular
geometry, which may trigger new research in 3D-nanomagnetism
with potential applications in magnetic data storage and spin-
wave spintronic devices.

Experimental procedure
Chemicals

Milli-Q water (> 18 MQ cm at room temperature) was employed
in all procedures. The following chemicals were applied
without further purification: a borane dimethylamine complex
(Aldrich, 97%), ethanol (Brenntag, 99.5%), HF aqueous solution
40% (Sigma-Aldrich, puriss. p.a.), methanol (AppliChem, pure),
N,H, monohydrate solution 80% in water (Merck, for synthesis),
NaCl (Merck, suprapur), NaOH 32% solution (Sigma-Aldrich,
purum), NiSO, heptahydrate (Sigma-Aldrich, purum p.a.), nitrilo-
triacetic acid (Sigma-Aldrich, puriss. p.a.), PdCl, (Alfa Aesar,
99.9% metal basis), SnCl, dihydrate (Sigma-Aldrich, ACS reagent),
sodium citrate tribasic dihydrate (Sigma-Aldrich, puriss. p.a.), and
trifluoroacetic acid (Riedel-de Haén, >99%).

Mica template fabrication

The patterned templates were crafted from mica, a thermally
and chemically robust layered silicate, which forms crystalline
sheets. For this purpose, we irradiated commercial muscovite
mica sheets (Richard Jahre GmbH, thickness: 20 pm) with Au
ions (kinetic energy: ~11.1 MeV per nucleon and fluence:
10® ions per cm®) at the GSI Helmholtzzentrum fiir Schwerio-
nenforschung GmbH (Darmstadt, Germany) with a beam direc-
tion perpendicular to the surface of the mica sheets.
Subsequently, the mica sheets were etched in HF solution
(1 part 40% HF and 1 part water) at room temperature to create
rhombohedral pores. The dimensions of the short and long

This journal is © The Royal Society of Chemistry 2023
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pore axes were adjusted to ~360 nm and ~ 600 nm respectively
by carefully applying an etching time of 45 min, resulting in an
overall template porosity of around 25%. Due to its high toxicity
and hazard potential, special safety measures are mandatory
when working with HF (suitable safety equipment and the
availability of emergency medication).

Electroless deposition of Ni-based nanotubes

Prior to electroless-plating of the magnetic Ni-based nanotubes,
the mica templates were covered with metal nanoparticle seeds,
which act as nucleation sites for the Ni deposition. First, the
mica templates were immersed in a sensitization solution for
5 min (42 mM SnCl, and 71 mM trifluoroacetic acid in
water:methanol = 1:1), followed by thorough washing with
ethanol. This sensitizing step is critical to assure the adhesion
of further deposits to the mica surface.*” The sensitized tem-
plates were then transferred to an activation solution (59 mM
PdCl, and 236 mM Nacl in water, dissolved under heating and
cooled down to room temperature), where Pd nanoparticles
are formed according to: Sn*’ (qq) + Pd* (,q) = Sn*'(aq5) + Pd .
A detailed analysis of the two-step seeding process can be found
in the literature.®” The Pd precipitation is indicated by a slight
colour shift to brownish grey. Afterwards, the mica template
was thoroughly washed with ethanol. The two-step seeding
reaction was repeated five times in total to ensure high nuclea-
tion density,”> and superficial seeds were removed by careful
yet thorough wiping with an ethanol-soaked tissue immediately
after seeding. Then, the as-prepared mica templates were
immersed in two electroless-plating solutions, which use dif-
ferent reducing agents to yield either pure (N,H,) or B-doped
(dimethylamine borane) Ni deposits. The electrolytic solution
for pure Ni contained 40 mM NiSO, (metal source), 80 mM
nitrilotriacetic acid (ligand), 309 mM NaOH (pH adjustment)
and 1000 mM N,H, (reducer) in water and was operated at
80 °C. A highly alkaline environment is required to promote
hydrazine oxidation and coupled Ni reduction.®®

The bath for the B-doped Ni deposition contained 100 mM
NiSO, (metal source) in water, 100 mM trisodium citrate
(ligand) and 100 mM dimethylamine borane (reducer), and
was operated at room temperature. In both cases, deposition
was indicated by hydrogen gas evolution (due to the decom-
position of the reducing agents)**> and a colour change of the
templates to dark grey. The amount of the deposited metal and
therefore the thickness of the nanotube wall are determined by
the duration of the electroless deposition process,*®> which was
set to 10 minutes in both samples under study. After plating,
the nanotube-containing mica templates were thoroughly
washed with water and dried in air.

For the sake of comparison, metal powders of the same Ni
and Ni-B compositions as those employed for the fabrication of
nanotubes were also prepared by adding 1 mg of Pd/C (Aldrich,
10% Pd loading, activated carbon support) to 5 mL of each of
the two Ni plating baths. Likewise to the Pd-activated mica
templates, the supported nanoparticles initiate the nucleation
and growth of Ni deposits. The reactions were conducted until
the bubbling faded, which indicates the consumption of the
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reducing agents. The obtained powders were collected, thor-
oughly washed with water, and dried in air.

Morphological, microstructural and magnetic characterization

Scanning electron microscopy (SEM, JEOL JSM 5600) was
employed for studying the morphological features of rhombo-
hedral Ni-based nanotubes embedded in track-etched mica
templates from both top and cross-sectional views. Prior to
SEM characterization, the samples were coated with a thin gold
layer deposited by magnetron sputtering (Polaron SC7620), in
order to avoid surface charging effects associated with the
electrically isolating mica templates.

The materials’ nanostructure and local crystallinity were
investigated by means of transmission electron microscopy
(TEM, FEI CM 20 ST) and associated selected area electron
diffraction (SAED) analysis. TEM characterization was performed
with ultrathin sample slices prepared via ultramicrotomy
(Reichert-Jung, Model Ultracut E), which were subsequently
placed on copper grids. Small pieces of the metallized tem-
plates were embedded in Araldite 502% resin (polymerized at
60 °C for 16 h) and cut into slices of ~50 nm thickness with a
diamond knife.

X-Ray diffraction (XRD) was performed in metal powders of
the same compositions as the nanotubes, employing Cu K,
radiation, in a PANalytical X’pert Pro diffractometer.

The magnetic characterization of the mica templates con-
taining the rhombohedral Ni and Ni-B nanotubes, as well as
the metal powders was carried out at room temperature (RT)
using a vibrating sample magnetometer (VSM) from Versalab-QD,
under a maximum applied field of +30 kOe. The magnetic
behavior of the Ni-based nanotubes was studied by applying
the magnetic field along their longitudinal axis (the parallel
direction), as well as along the two diagonal directions of the
rhomboidal cross-section of the MNTs (perpendicular directions
at 0° and 90°, respectively).

Results

Synthesis and morphological and microstructural
characterization of Ni-based MNTs embedded in mica
templates

The synthesis method for the production of Ni-based magnetic
nanotubes generally follows the previously reported conformal
coating of ion-track etched mica by electroless-plating.*’
A scheme of the overall process is shown in Fig. 1(a). In the
first step, mica sheets are irradiated with swift heavy ions,
which are selectively etched out with hydrofluoric acid in the
second step. Subsequently, the patterned mica template is
covered with metal nanoparticles, which act as seeds for the
autocatalytic deposition of the metal by electroless-plating in
the final step. Compared to our pioneering study,’® three
important changes have been now implemented:

First, we found that the formerly used Ag nanoparticle seeds
resulted in dissatisfactory Ni deposit conformality and homo-
geneity, probably due to their low catalytic activity in oxidizing
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Fig. 1 (a) Scheme of the nanotube fabrication process. (b—d) SEM images
showing (b) embedded Ni nanotubes (top view), (c) a breaking edge of the
mica template enclosing the Ni nanotubes, and (d) detailed images of the
nanotubes partially detached from the mica template.

our employed reducing agents (hydrazine and dimethylamino
borane).®® In order to favour plating deposition in the difficult
to access narrow and recessed template pores, the seeds should
ideally surpass the activity of the autocatalytic metal deposit,**
and thus efficiently initiate the reaction in not already Ni-
covered areas. We realized efficient metallization in the tem-
plate interior by switching to palladium nanoparticle seeds.
Second, for depositing pure Ni, we chose hydrazine as a non-
intrusive reducing agent in conjunction with nitrilotriacetic
acid to stabilize the Ni(u) ions in the plating bath and prevent
Ni(OH), precipitation. With this specific ligand,®® the otherwise
commonly occurring Ni nanospike formation is suppressed,®*®
allowing us to realize compact deposits and thus regular nanotube
walls. Third, as the Ni surface films on the top and bottom surfaces
of the mica templates would interfere with the magnetic aniso-
tropy measurements of the perpendicularly aligned nanotubes, the
seeds on the outer template surface were mechanically removed
(Fig. 1(a), step 4). Due to the extreme smoothness of the layered,
crystalline mica sheets, seed removal is more efficient as compared
to other template types (due to the absence of mechanically
protected, recessed areas, and the possibility of mica layers chip-
ping off with the seeds). As a result, the formation of a metal film
outside the pores in the plating step can be avoided (Fig. 1(b)).
Due to the excellent conformality of electroless-plating, the pores
can be metallized throughout the complete template thickness, as
it is evident from template cross-sections (Fig. 1(c)). At breaking
edges, partially freed, self-supporting metal nanotubes can be
found, showcasing the cohesion of the deposit and the accurate
replication of the pore shape (Fig. 1(d)).

The Ni-based nanotube samples were prepared by applying
Ni and Ni-B electroless-plating to an identical batch of track-
etched muscovite mica patterned templates. The SEM charac-
terization verified the deposit homogeneity and conformality in
both cases, and the absence of a metal film on top of the
template (Fig. 2). The nanotube wall thickness can be roughly
estimated to take values of 45 + 5 nm for both MNT variants.
Due to the exact alignment of the ion beam orientation
perpendicular to the template surface and the long-range
crystalline order of the mica template, all pores throughout
the template are strictly aligned among them in a parallel array,
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Fig. 2 SEM top view images of track-etched muscovite mica templates
with embedded rhombohedral nanotubes: (a and b) amorphous Ni-B and
(c and d) nanocrystalline pure Ni.

albeit randomly positioned (Fig. 2). Such a precisely defined
geometry is required to translate any anisotropic property of the
individual nanostructures to an integral measurement of
the nanostructure collective, as the magnetic characterization
discussed below.

TEM was employed to gain a more detailed understanding
of the MNT nanostructure. Fig. 3 shows TEM images and SAED
patterns obtained in planar ultra-microtomed sections of the
muscovite mica templates containing Ni-B (a, b and ¢) and
pure Ni (d, e and f) rhombohedral nanotubes. Due to their
higher mean atomic number, the dense Ni and Ni-B deposits
are clearly discernible from the lighter coloured mica template,
as labelled in Fig. 3(a). In the case of the Ni-B nanotube
sample, the nanotube walls have a thickness of around
45 nm and are composed of grains grown from the seeds
on the pore walls showing the characteristic columnar
growth, which has been previously reported for the electroless

Fig. 3 TEM images and corresponding SAED spectra of ultra-microtomed
sections of track-etched muscovite mica templates with embedded
rhombohedral Ni-based nanotubes: (a—c) semi-amorphous Ni-B and
(d—f) nanocrystalline pure Ni.

This journal is © The Royal Society of Chemistry 2023
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deposited Ni-B and Ni-P films.®” The corresponding SAED
patterns (Fig. 3(c)) display a single-crystalline diffraction
pattern, which can be ascribed to the muscovite mica matrix,
together with diffuse diffraction rings, the characteristic of
amorphous materials, which can be associated with the Ni-B
deposit. Indeed, the semi-amorphous structure of Ni-B electro-
less deposits has been widely reported in the literature.®”*®
In contrast, the pure Ni deposits display grains of lateral
dimensions of around 10 nm, which tend to aggregate leading
to a densely packed film structure. The existence of multiple
bright spots in the diffraction rings on the SAED spectra
displayed in Fig. 3(f) suggests that the structure of the pure
Ni nanotubes is nanocrystalline, which is corroborated by lively
contrast fluctuations in individual grains (Fig. 3(e)).

In order to confirm the conclusions regarding the crystal-
linity and crystallite size obtained from the TEM and SAED
characterization of the Ni and Ni-B nanotubes, Ni and Ni-B
powders synthesized under the same conditions as the respec-
tive nanotubes were studied by X-ray diffraction. The results are
shown in Fig. 4, and strongly support the presence of the semi-
amorphous phase in the Ni-B sample, as indicated by the
absence of diffraction peaks in the respective pattern, which
only displays two broad halos, a clear indicative of the lack of
structural order. In contrast, the pure Ni sample shows broad
diffraction peaks that can be indexed to the fcc Ni phase.

The apparent crystallite size for this nanocrystalline phase
takes values of 8 £ 2 nm according to the Le Bail fitting
method.®’

In order to investigate the magnetic properties of electroless
deposited Ni and Ni-B alloy nanotubes, the magnetic hysteresis
loops of the respective powder samples were first measured,
as shown in Fig. 5. The results indicate that the semi-
amorphous Ni-B alloy displays a saturation magnetization
value of 0.294 emu g, around two orders of magnitude smaller
than that of the nanocrystalline pure Ni (27.50 emu g ). Further-
more, the coercive field of the semi-amorphous Ni-B powder takes
a value of 24 Oe, whereas for pure Ni it increases up to 70 Oe.
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Fig. 4 XRD diffraction patterns obtained for pure Ni (red) and boron-
doped Ni (black) powders.
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Fig. 5 Room temperature hysteresis loops of the semi-amorphous Ni—-B

and nanocrystalline pure Ni powders. The inset shows an enlargement of
the low-field region.

The magnetic behaviour of uniformly oriented arrays of
nanotubes is generally determined by the balance between
different energy contributions, namely, the shape anisotropy
of individual nanotubes, the magnetostatic interaction of the
dipolar origin among nanotubes and the magnetocrystalline or
magnetoelastic anisotropies induced in the nanotubes by the
patterned templates."***>* For polycrystalline Ni nanostruc-
tures synthesized and measured at room temperature, both
the magnetocrystalline and magnetoelastic contributions to the
effective anisotropy of the individual Ni nanotubes can be
neglected. Additionally, dipolar interactions among neighbouring
nanotubes in densely packed arrays, which usually competes
against shape anisotropy,”>”®”> have been demonstrated to be
substantially lower in nanotubes than in the equivalent nanowire
systems.>”®> Therefore, due to their geometry, the length-to-
diameter aspect ratio determines that the shape anisotropy, rather
than the magnetocrystalline one, is expected to be the most
relevant contribution to the effective anisotropy of the nanostruc-
tured system."%'37473

The room temperature magnetic hysteresis loops measured
along the three distinctive directions of the rhombohedral
Ni-based nanotubes are depicted in the hysteresis loops of
Fig. 6, whereas the values of the coercive field (H) and reduced
remanence (mg) for both the powder and nanotube samples are
summarized in Table 1. The room temperature hysteresis loops
displayed in Fig. 6(a), corresponding to Ni-B MNTs, show a
nearly isotropic behavior, with low values of coercivity (2-11 Oe)
and reduced remanence, mg = Mg/Ms, (1 - 3%) in all the three
measurement directions. Despite the high aspect ratio of the
Ni-B nanotubes (> 40), only a slightly preferred magnetization
direction along the long axis of the rhomboidal cross-section
can be detected, suggesting that Ni-B nanotubes behave at
room temperature as ensembles of weakly interacting quasi-
superparamagnetic nanoparticles. This observation can be
ascribed to the columnar structure and low saturation magne-
tization observed in boron-doped nickel deposits. In contrast,
the hysteresis loops measured for the nanocrystalline pure Ni
nanotubes (Fig. 6(b)) exhibit larger values of coercivity and
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Fig. 6 Room temperature normalized hysteresis loops of rhombohedral
nanotubes for (a) amorphous Ni—-B and (b) nanocrystalline pure Ni. The
measurements were performed along the direction parallel to the nano-
tube long axis (PAR), and along the long (PERP 0°) and short (PERP 90°)
axes of the rhomboidal cross-section of the nanotubes, as schematically
shown in the graphs. The insets show the enlargement of the low-field
regions.

Table 1 Coercive field (Hc) and reduced remanence (mg) values for
amorphous Ni—B and nanocrystalline pure Ni rhombohedral nanotubes
and powders, as determined from the room temperature hysteresis loops
of Fig. 5and 6

H¢ (Oe) myg (%)
Direction Sample PAR PERP 0° PERP 90° PAR PERP 0° PERP 90°
Ni-B NT 3 2 11 1.5 1.3 3.3
Ni-B powder 24 — — 8 — —
Ni NT 19 25 36 17.9 12.7 8.1
Ni powder 73 — — 14 — —

reduced remanence (19-36 Oe and 8-18%, respectively).
A clearly defined triaxial anisotropic behavior, consistent with
the predominant contribution of shape anisotropy, is found in
this sample. Therefore, the easy magnetization axis lies parallel
to the pure Ni nanotube longitudinal direction (PAR). The short
axis of the rhomboidal cross-section of the pure Ni nanotubes
(PERP 90°) represents the hard magnetization axis of the nano-
tubes, whereas the long axis of the rhombohedra (PERP 0°)
constitutes an intermediate magnetization direction. It is worth
noting that despite the average particle size in nanocrystalline
Ni deposits takes values of around 10 nm, thus being substan-
tially smaller than the critical size for superparamagnetic
transition,”® the nanotubes show well-defined ferromagnetic
behaviour dominated by shape anisotropy. This fact evidences
the high quality and compactness of nanocrystalline pure Ni
electroless deposits. The unique 3-fold magnetic anisotropy
observed in our rhomboidal nanotubes entails an additional
freedom degree for tailoring the complex magnetic response of
this nanostructured system, thus opening the door for novel
applications in emerging fields such as in subwavelength
waveguiding,®®®” magnetocalorics,”””® drug delivery,””™®" and
three-dimensional nanomagnetism.”®?>73447,8

Micromagnetic simulations of Ni-based MNTs

In order to qualitatively understand the origin of the magnetic
response of the rhombic Ni-based nanotubes, we have per-
formed a numerical micromagnetic model of 5 micron long
amorphous Ni-B and nanocrystalline pure Ni nanotubes
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having a rhombic base with dimensions close to that displayed
in the experimental SEM micrography reports (major and
minor diagonals of 590 and 360 nm, respectively, and a wall
thickness of 44 nm). It is worth mentioning that micromagnetic
simulations are performed at 0 K and in single nanowires, and
therefore the obtained hysteresis loops are not quantitatively
comparable to the experimental measurements, but they are
intended to give the qualitative explanation of the magnetiza-
tion reversal processes taking place in the nanotube samples.

Magnetization reversal in Ni-B MNTs

Stoichiometric measurements of the electroless deposited
amorphous Ni-B powder solution reveal 25-26% of the B
content for which the amorphous Ni-B bulk alloy with
>25 at% B exhibits a quasi-paramagnetic behavior,®* emerging
from the matrix of majority non-magnetic atoms that typically
consist of the segregation of a predominant non-magnetic Ni,B
phase and a diluted Ni phase.®*** In order to test the quasi-
superparamagnetic diluted phase of Ni-B alloys, our micro-
magnetic model of Ni-B nanotubes, performed with the finite
difference discretization software mumax3,®*®” assumes a 3D
Voronoi granular distribution filling approximately 1.3%
volume of the nanotube with Ni grains having a mean size of
10 nm, embedded in a non-magnetic phase. We have used
typical parameters of nickel as an exchange stiffness of
9 x 107 J m ',*® coupled with the experimental spontaneous
magnetization value measured from Ni powders is 2.45 x
10°> A m~". More details can be found in the ESL¥

The simulated hysteresis loops (HLs) depicted in Fig. 7
confirm that the magnetization process of individual Ni-B
nanotubes is nearly isotropic irrespective of the direction of
the static applied field, in good agreement with experimental
measurements, indicating an almost vanishing magnetostatic

1,0{——PAR a ’Z
~—PERP 90° }"" i
0,5{——PERP 0° / y
» c o
Z 00 3 ' H
= Y
0,5 o @t
41,04 ‘
-2000 -1000 O 1000 2000

H(Qe)

Fig. 7 Micromagnetic modelling of the hysteresis loops for an individual
Ni—-B nanotube with 5 microns length, for the magnetic field applied
parallel to the direction of the nanotube axis (PAR), and along the diagonals
of the rhnombohedral basis (PERP 0° and 90°), respectively. (a—f). Top views
of the nanotube during the magnetization reversal process with an applied
field in the direction parallel to the nanotube length (axial direction) The
magnetic grains have been colored according to the axial component of
magnetization, m,.
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dipolar interaction between magnetic grains and hence among
the nanotubes in the mica template. The magnetization reversal
process in the Ni-B nanotube occurs through the coherent
rotation of the magnetization in each grain. As the magnetic field
is reduced from saturation magnetization in Fig. 7(a and b), the
competition between different energies (see the ESIt) confirms
that the magnetic moments in each grain rotate coherently
towards its easy magnetization axis, which is uniquely determined
by its low shape anisotropy. Here, we have coloured the top view
with the geometry in grey colour and a standard scale to facilitate
the visualization. As the field becomes gradually more negative,
the magnetization begins to reverse in most of the grains of the
matrix (in Fig. 7(c and d)). The reversal process concludes with the
switching of the magnetization of the last few grains that
remained magnetized in the initial positions at arbitrary direc-
tions as indicated in Fig. 7(e and f). More precisely, the coercivity
is determined by different switching fields corresponding to each
Ni grain embedded in the matrix and therefore, the quasi- super-
paramagnetic behaviour of the diluted magnetic phase can be
observed. Strikingly, we have observed a low axial stray field in the
direction of the longitudinal axis of these Ni-B nanotubes.

Overall, the isotropic magnetic response of the rhombic
matrix with a low net magnetic moment, low axial stray fields
and an anhysteretic coherent response coupled with the hollow
geometry provide appealing features for bioapplications
such as the encapsulation of magnetic nanoparticles for drug
delivery as well as in magnetic nanocarriers directionally
oriented under weak applied magnetic fields with low ampli-
tude values.

Magnetization reversal in Ni MNTs

Regarding the magnetization reversal process in individual
polycrystalline pure Ni nanotube with an identical morphology,
micromagnetic modelling has enlighten a rich variety of rever-
sal modes with an applied magnetic field. The hysteresis loops
displayed in Fig. 8(a) were simulated using the mumax3 system
and typical parameters of Ni (see the ESIt), and showed a
qualitatively similar behaviour to that experimentally measured
in pure Ni MNTs.

The squared hysteresis loop obtained with the magnetic
field applied parallel to the axis of the rhombic Ni nanotube
(HL in black color) indicates a bistable magnetic behavior
dominated by the shape anisotropy. The magnetization reversal
takes place through vortex domain wall nucleation at the end of
the rhombic Ni nanotube, depinning and subsequent propaga-
tion towards the opposite end of the nanotube (see the ESIT).

Turning now to the hysteresis loop when the magnetic field
is applied along the mayor diagonal (PERP 0°) of the nanotube,
the model reveals a complex magnetization reversal process,
which proceeds through the formation of onion-like at the ends
of the nanotubes depicted in Fig. 8(b)(i-iii) that form three-
dimensional topologically nontrivial magnetic configuration
states.*>®® An important remark is the resemblance of the
closure domains with C-states typically formed in rectangular
planar magnetic layers that evince a hard magnetization axis in
this direction. The shape anisotropy and the main role of the
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Fig. 8 (a) Micromagnetic simulations of the magnetic hysteresis loops
corresponding to the three directions of the applied field for an individual
nanocrystalline pure Ni rhombic nanotube, namely the axial (PAR),
together mayor (PERP 0°) and minor (PERP 90°) diagonals of the rhombic
nanotube, respectively. (b) Top and lateral views of the magnetic configu-
ration in the Ni rhombic nanotube showing the collapse of two onion
states colliding on an antivortex state or a transversal magnetic domain
wall.

demagnetization field for these directions govern the complex
magnetization reversal process along the two diagonals of the
rhombic Ni nanotube.

Concerning the hysteresis loop for the magnetic field
applied along the minor diagonal of the rhombic nanotube
(PERP 90°) we observed the lowest remanence of the three
directions, but higher coercivity values than in the case of the
HL along the mayor diagonal as corresponds to the hardest
direction. Here the reversal mechanism starts with the nuclea-
tion of onion-like closure domains (see the ESIf). A small
increase in the PERP 90° HL around a field value of 500 Oe
reveals the formation of an asymmetric magnetic state depicted
in Fig. 8(c-e) formed by a vortex-antivortex structure on the
surface of the wire. While, on average, VSM measurements on
the patterned templates of nanotubes mask the formation of
these states, micromagnetic modeling confirms a diversity of
reversal modes emerging from the geometrical frustration
of the rhombic geometry coupled with the hollow morphology.

Conclusions

Ni-based magnetic nanotubes with rhombohedral cross-section
and a wall thickness of around ~ 45 nm have been successfully
deposited onto track-etched mica templates using an optimized
electroless-plating method, employing semi-amorphous B-doped
Ni and nanocrystalline pure Ni as the constituent nanotube
material. Our high deposit quality, characterized by an excellent
fidelity of the pore shape replica and strong deposit cohesion, in
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conjunction with the simplicity, speed and flexibility of the solely
wet-chemical method corroborates the high suitability of
electroless-plating for the template-assisted fabrication of mag-
netic nanomaterials, paving the path towards complex nano-
tube constitutions and architectures through the careful
control of the composition, nanostructure and 3D arrangement
of the 1D nanoscale building blocks.

The magneto-structural characterization of the Ni-B nano-
tubes points out to their low magnetic remanence and coercivity,
which are due to the semi-amorphous structure and the boron
content that results in low saturation magnetization and nearly
negligible magnetic shape anisotropy for these nanotubes.
In contrast, rhomboidal nanotubes composed of nanocrystalline
Ni display enhanced magnetic behavior in terms of both rema-
nence and shape anisotropy. Remarkably, the rhombohedral
geometry of the Ni nanotubes is directly reflected in the triaxial
magnetic anisotropy. Compared to conventional cylindrical nano-
wire or nanotube arrays, this novel geometry provides an addi-
tional degree of freedom for tuning the particular magnetic
behavior exhibited by these nanostructures and their magnetic
state at remanence, further limiting the magnetic domain reversal
due to the sharp edge angles at the nanotube corners, which can
lead to the appearance of magnetic singularities near the nano-
tube vertex inducing the nucleation of magnetic domain walls.
The future of such peculiar nanotube geometries by varying their
compositions and size properties could lead to interesting novel
magnetic phenomena related to their magnetic domain wall
movements, with applications in the fields of electronics or
computing, as well as in biomedicine or catalysis.
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