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We conducted micromagnetic simulations of CoNi nanowires and nanotubes to study their magnetic properties as
a function of their composition. We found that the hysteresis curves for isolated CoNi nanowires exhibit a square
trend with an easy axis of magnetization along the nanowire axis. The coercivity and normalized remanence
show a U-shaped behavior, with maximum values at Ni and Co and minimum values for the Co4Nigg alloy. The
hysteresis curves for CoNi nanotubes maintain the square trend of nanowires, but with a clear decrease in
coercivity and an asymmetric V-shaped behavior for coercivity and normalized remanence. Our research offers
valuable and comprehensive insights into the magnetic properties of CoNi nanowires and nanotubes. It un-
derscores the significant influence of composition on magnetic properties, which holds great relevance for po-
tential applications. Our approach, involving the prediction of static magnetic properties through micromagnetic
simulations and tailored equations designed for nanostructures, rather than relying on bulk parameters, aligns
more closely with the nature of these physical systems. This alignment is validated by the strong agreement with
previously reported experimental results. Our work lays a solid foundation for the deliberate design of CoNi
nanowires and nanotubes with specific magnetic properties tailored for articular applications. We anticipate that
our study will facilitate the development of innovative magnetic nanostructures with controllable properties and
enhanced performance.

magnetization
computer simulations

Introduction nanostructures is governed by an effective anisotropy that arises from

the interplay between shape anisotropy and the magnetocrystalline

Magnetic nanowires (NWs) and nanotubes (NTs) have garnered
considerable attention in recent years due to their diverse range of po-
tential applications in fields such as biomedicine, environmental treat-
ment, and spintronics [1-7]. These nanostructures, characterized by
their elongated shape and high aspect ratio (length/diameter > 10)
[8,91, often possess significant shape anisotropy. Moreover, the mag-
netic properties of NWs and NTs can be influenced by anisotropy, which
is contingent upon both the composition and the synthesis process
employed. Consequently, the resulting magnetic behavior of the
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anisotropy within the system.

Nanostructures based on nickel (Ni) typically adopt a face-centered
cubic (fcc) crystallographic phase, while cobalt-based (Co) nano-
structures can exhibit either an fcc or a hexagonal close-packed (hcp)
phase, depending on the synthesis conditions [10-19]. Consequently,
CoNi alloys can manifest different crystallographic phases, providing the
ability to tailor their magnetic properties [20,21]. This characteristic has
led to the proposal of CoNi alloys for various potential applications
[21-27].
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In this study, we conducted a comprehensive literature review to
derive equations that accurately describe the magnetic properties of
CoNi alloy across various cobalt percentages [2,13-20,28,29]. These
equations represent a significant contribution to the scientific commu-
nity, providing a theoretical framework for investigating the alloy using
experimental parameters. Leveraging these equations, we performed
micromagnetic simulations to investigate how the magnetic properties
of CoNi nanowires and nanotubes change as a function of the percentage
of cobalt in the alloy, i.e., the composition. We have focused our
attention on the coercivity, remanence, and magnetization reversal
mechanisms of these nanostructures as a function of their geometry
(whether they are wires or tubes) and composition. By systematically
varying the composition and geometry of the nanostructures, we aim to
gain a deeper understanding of the underlying physics and provide in-
sights for designing and optimizing CoNi-based magnetic nanostructures
for various applications.

This paper is structured as follows: The second section presents the
equations utilized to derive the magnetic parameters used in the simu-
lations, along with a detailed description of the micromagnetic simula-
tion methodology. In the third section, the results and discussion of this
study are presented, while the final in the last section concludes the
paper by summarizing the key findings and outlining prospects of our
work.

Magnetic parameters

Due to the variability of magnetic parameters reported in the liter-
ature for CoxNijgo.x alloy, which depends on the percentage of cobalt, we
have compiled relevant data to derive general equations for these
magnetic parameters, which will be attractive to both experimental and
theoretical research groups. First, we digitized data for the stiffness
constant, A, and saturation magnetization, Mg, using data obtained by
Hinoul and Witters [30]. For the anisotropy constant, K;, we used data
obtained by Kadowaki and Takahashi [31], supplemented with mea-
surements by Fan et al. [32], with the aim of obtaining more data for
fitting the anisotropy constant. The resulting equations can be used to
estimate magnetic parameters for various CoNi compositions.

After digitizing all the data for A, Mg, and K;, we performed the
corresponding fittings to obtain general equations for each magnetic
parameter. The fittings made to the data obtained from previously
published works [30-32] are shown in the supplementary information,
see Fig. S1. The equations that describe the magnetic parameters of a
CoxNijgox alloy in the S.I units are as follows:

Ms(x) = 8674.26 x x + 390425.99 .
Alx) = 6(725.94—0.03xx+(4_05x10—4)XX2) N
K, (x) = 23518.50 — 1013.28 x x — 28486.22 x (7007 .

Using the previous equations, we determined the magnetic param-
eters for different CoNi alloys, which are shown in Table 1.

Our statistical model’s validity is confirmed by calculating the co-
efficient of determination (R%), which yields values of 0.87, 0.97, and
0.98 for the adjustments of A, M, and K7, respectively. This enables us to

Table 1
Magnetic parameters obtained from Egs. (1) to (3) for different compositions
that will be investigated in this article.

Composition Ms (A/m) A (J/m) K1 (J/m®)

Ni 390 x 10° 0.53 x 10! —4.97 x 10°
CogoNigo 564 x 10° 0.33 x 10! —1.46 x 10°
Co4oNigo 737 x 10° 0.27 x 10 —17.80 x 10°
CogoNiso 910 x 10° 0.32 x 10! —37.40 x 10°
CogoNigg 1084 x 10° 0.50 x 107! —-57.60 x 10°
Co 1258 x 10° 1.15 x 10! —77.80 x 10°
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predict magnetic constants from the references we used with a high level
of precision (for further details, see supplementary information,
Fig. S1).

Micromagnetic simulations

The magnetic properties and magnetization reversal of CoNi NWs
and NTs as a function of the composition were studied using micro-
magnetic simulations performed with the Object Oriented Micro-
magnetic Framework (OOMMEF) software [33], which solves the
Landau-Lifshitz-Gilbert equation (LLG) [34]. Our simulations are
based on a continuum model that describes the magnetization dynamics
of the nanostructures, considering the magnetic parameters defined in
Table 1. At this point, it is important to note that we will consider a cubic
magnetocrystalline anisotropy in our simulations [35-40].

In this study, we investigated the magnetic properties of CoNi cy-
lindrical nanostructures with a length of 1000 nm, an external diameter
of 100 nm, and for the nanotube case, a wall thickness of 30 nm [8]. A
damping constant of a = 0.5 was used for all simulations [41] for quick
convergence, a standard practice in micromagnetic simulations without
any significant deviations in the results. The simulation cell size of 2 x 2
x 10 nm® was selected to balance accuracy and computational costs.
This size was chosen to accommodate the extensive length of nanowires
and nanotubes along the z-axis, while accurately replicating the cylin-
drical geometry of the nanostructures in the xy-plane. The hysteresis
loops were obtained by applying a saturation field of 1000 mT with field
steps of 2 mT in the z-direction.

Results and discussion

In this section, we show and discuss the results of our micromagnetic
simulations for the magnetic properties of CoNi nanowires and nano-
tubes. We focus on the coercivity, remanence, and magnetization
reversal mechanisms of these nanostructures as a function of their ge-
ometry and composition.

Variation of composition in CoNi nanowires

In Fig. 1a, we show hysteresis curves for isolated CoNi NWs of 1000
nm length and 100 nm diameter with different compositions, exhibited
as a function of the percentage of cobalt present in the alloy. The com-
plete simulated range for the applied magnetic field is depicted in the
supplementary information (Fig. S2). In this illustration, the applied
magnetic field spans from —40 to 40 mT, emphasizing the key features of
the hysteresis loops. The hysteresis curves are quite square, indicating
an easy axis of magnetization along the nanowire axis. From Fig. 1b,
coercivity and normalized remanence exhibit a non-monotonic U-sha-
ped behavior with maximum values at the extremes, Ni and Co, and
minimum values for the Co4gNigo alloy. Coercivity varies between
approximately 0.010 T for Co4oNigp and 0.030 T for Ni, while normal-
ized remanence varies between 0.84 for Co40Nigg and 0.94 for Ni, values
very close to 1.0, which explains the square shape of the curves.

In order to explain the U-shaped behavior exhibited by the magnetic
properties seen in Fig. 1b, it is important to remember that an increase in
saturation magnetization, Mg, as observed in Table 1 with the increase in
cobalt percentage, leads to a decrease in exchange length, L, =

\/2A/uoM2, causing both coercivity and normalized remanence to

decrease. This effect is enhanced by the decrease in the stiffness con-
stant, A, observed between 0 and 80 % cobalt. The question then arises
as to why do we see a resurgence in coercivity and remanence for per-
centages greater than 60 % cobalt? This increase in cobalt sample can be
justified by the significant increase in stiffness constant. However, for
the CogoNisg and CoggNigg alloys, the explanation lies in the magneto-
crystalline anisotropy, K7, which practically doubles the value obtained
for Co4gNigo. Thus, we can observe that the magnetic behavior obtained



D.M. Arciniegas Jaimes et al.

Results in Physics 54 (2023) 107082

0% — — =20% - - - - 40%
—=60%=—--— 80% 100%
a) 10F T T b) T T T T T T
= 1 32.0F Q 40.96
i < 0
05 i . 2800 % K R
. \
! \
A i {ézm- A // 10.92 ﬁ
> ik
EO-O T 52001 ' ,/ -090§
': : m ‘\\ ’ (o]
! :,fl(w.() - \\\ O/ , 40.88
-0.5+ 1 ‘o o
12.0 F . -7 ‘ 10.86
O~ _-0O / .
o _.0
8.00 | B -.0-"
-1.0 ‘ E o o 10.84
-40 -20 40 0 20 40 60 80 100
Co (At. %)

Fig. 1. (a) Hysteresis curves of isolated CoNi NWs with dimensions of 1000 nm length and 100 nm diameter, displaying variations in composition as a function of the
percentage of cobalt in the alloy. The applied magnetic field ranges from —40 to 40 mT to emphasize key features in the loops. (b) Coercivity evolution (orange
circles) and normalized remanence (green circles) for isolated CoNi NWs as a function of the percentage of cobalt in the alloy. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

is a result of the competition between magnetostatic energy (Ms), ex-
change energy (A), and magnetocrystalline energy (K7).

In order to further investigate how the magnetic parameters of the
alloy affect the magnetic properties of the system, in Fig. 2 we have
calculated the average values of the magnetic moment components as a
function of position along the wire for different compositions. The idea
is to be able to discriminate the mechanism by which the nanowires
reverse their magnetization from point i to point f in the hysteresis
curves. Since it is well-known that the reversal mode can change as a
function of the geometric parameters of the system [32], our current
focus is to investigate whether such changes could arise from variations
of the magnetic parameters. For the Ni and CoyNig, cases, we can see
that the average components of the magnetization, <my> and <my>,
are zero, which is a clear indicator that the nanostructure reverses its
magnetization through the nucleation and propagation of vortex domain
walls, something that had already been reported in the literature for
large diameters [42,43]. However, for the CoggNipy and Co nanowires,
we can see that the aforementioned components are not completely
zero, so we can say that the nanowires reverse their magnetization

through the nucleation and propagation of helical vortices. This change
is due to the significant increase exhibited by both the stiffness constant,
A, and the magnetocrystalline anisotropy constant, K;. Experimental
evidence of exotic transverse-vortex magnetic configurations in
CogsNip 5 nanowires was recently reported by Andersen et al. [2]. These
authors discovered that the magnetic configuration of CoNi nanowires is
complex and inhomogeneous, with predominantly axial domains
observed in the regions with a higher fcc composition. Their micro-
magnetic simulations demonstrated that a curling state, with a magnetic
induction component oriented along the nanowire axis, appears in re-
gions with fcc phase grains, where the easy axis and shape anisotropy act
in the same manner. This study also highlights the strong correlation
between crystal structure, composition, and the resulting magnetic
configurations in CoNi nanowires, supporting the results we have pre-
sented here for a wide range of CoNi NW compositions. We have
employed optimized magnetic parameters for nanoscale magnetic
materials.
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Fig. 2. Top panel: Hysteresis curves for CONi NWs considering different compositions. The highlighted points i and f correspond to the investigated reversal process
in the bottom panel. Bottom panel: Snapshots of magnetization reversal mechanisms for CoNi nanowires considering different compositions. The abscissa represents
the length along the nanowire, while the ordinates account for the average magnetization components. <m,>: solid red line; <my>: solid blue line, and <m,>: solid
green line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Variation of composition in CoNi nanotubes

In Fig. 3a, we show the hysteresis curves for isolated CoNi NTs with a
length of 1000 nm, outer diameter of 100 nm, and a wall thickness of 30
nm, considering different compositions presented as a function of the
percentage of cobalt present in the alloy. The complete simulated range
for the applied magnetic field is depicted in the supplementary infor-
mation (Fig. S2). In this illustration, the applied magnetic field spans
from —40 to 40 mT, emphasizing the key features of the hysteresis loops.
Although the hysteresis curves maintain the square trend of the wires, a
clear decrease in coercivity is observed. From Fig. 3b, we can see that
both coercivity and normalized remanence show an asymmetric V-
shaped behavior, different from the behavior observed for the case of
nanowires, which exhibited a fairly symmetric U-shaped behavior. In
this case, the minimum value for coercivity and normalized remanence
is obtained for a CoygNigg alloy, i.e., the minimum moves towards an
alloy with a lower percentage of cobalt when working with NTs. In this
case, coercivity varies between approximately 0.005 T for CoyoNigg and
0.020 T for Co (values that are almost half of those obtained for nano-
wires), while normalized remanence varies between 0.83 for CoygNigg
and 0.94 for Ni, values very close to those obtained for nanowires. It is
important to note that the maximum coercivity of the wires is obtained
for a nickel nanowire, while the maximum coercivity of the tubes is
obtained for a cobalt nanotube. A close comparison of our results ob-
tained from micromagnetic simulations with those reported in experi-
mental data by various authors reveals excellent agreement. For
instance, Parajuli et al. [17] found a coercivity of approximately 750 Oe
for CosgNiso NTs with a diameter of 100 nm fabricated by DC electro-
deposition, while we have obtained a value of 7.5 mT for the same
composition and diameter in CoNi NTs using the magnetic parameters
proposed herein.

Next, in Fig. 4, we have calculated the average values of the magnetic
moment components as a function of position along the NTs for different
compositions. As with the NWs, the idea is to be able to discriminate the
mechanism by which the NTs reverse their magnetization from point i to
point f in the hysteresis curves. Similar to what was observed for the
NWs, for both Ni and CogoNigy cases, we can see that the average
magnetization components, <my> and <my>, are zero, which is a clear
indicator that the nanostructure reverses its magnetization through the
nucleation and propagation of vortex domain walls. It is also reproduced
that for CoggNiyy NTs, the aforementioned components are different
from zero, indicating that these nanotubes also reverse their magneti-
zation through the nucleation and propagation of helical vortices. The
significant difference occurs for the cobalt NT, where the system
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reverses its magnetization through vortex walls, unlike the case of the
cobalt NW, which reversed its magnetization through helical vortices.
This difference is because not only magnetic parameters define the
magnetic properties of a system, but also its geometric parameters.
Unlike some experimental studies, our approach in this study involves
the consideration of a single, isolated structure to eliminate the influ-
ence of magnetostatic interactions with neighboring structures. Addi-
tionally, numerical modeling enables us to precisely align the direction
of the applied magnetic field with the nanowire/nanotube axis.

Conclusions

Our micromagnetic simulations show that the composition and ge-
ometry of CoNi nanowires and nanotubes have a significant impact on
their magnetic properties. Nanowires have a square hysteresis curve,
indicating an easy axis of magnetization along the nanowire axis. The
coercivity and normalized remanence exhibit a U-shaped behavior with
maximum values at the extremes, Ni and Co, and minimum values for
the CoggNigg alloy. The magnetic behavior obtained is a result of the
competition between magnetostatic energy, exchange energy, and
magnetocrystalline energy. The nanowires reverse their magnetization
through the nucleation and propagation of vortex or helical vortices,
depending on their composition. On the other hand, the hysteresis
curves for isolated CoNi nanotubes also maintain the square trend of the
nanowires, but with a clear decrease in coercivity. The coercivity and
normalized remanence show an asymmetric V-shaped behavior, with
the minimum value for both obtained for a CogoNigy alloy. The
maximum coercivity of the nanowires is obtained for a nickel nanowire,
while the maximum coercivity of the tubes is obtained for a cobalt
nanotube. These results highlight the importance of careful design and
optimization of CoNi nanostructures for specific applications.
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Fig. 3. (a) Hysteresis curves of isolated CoNi NTs with dimensions of 1000 nm length and 100 nm diameter, displaying variations in composition as a function of the
percentage of cobalt in the alloy. The applied magnetic field ranges from —40 to 40 mT to emphasize key features in the loops. (b) Coercivity evolution (orange
circles) and normalized remanence (green circles) for isolated CoNi NTs as a function of the percentage of cobalt present in the alloy. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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