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In this paper, micromagnetic analysis of an array of long magnetic nanowires (NWs) embedded in a nonmagnetic
matrix is performed. It is found that for NWs with diameters on the order of a hundred nanometers, the anisotropy
and exchange energies are negligible, so the total free energy is a sum of the Zeeman and magnetostatic energies. The
minimum magnetostatic energy corresponds to the maximum Zeeman energy, whereby half of the NWs are magnetized
parallel to the external field, while the rest of the NWs are magnetized antiparallel to the external fields. The study shows
a vortex behavior of the magnetic moments in the magnetization reversal process. Additionally, the hysteresis loop area
of the nanocomposite is inversely proportional to the NW diameter in the range from 20 to 200 nm. The results pave
the way for designing of NW-based devices such as optimized magnetic sensors for biomedical applications with a
trade-off between miniaturization and energy loss.
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I. INTRODUCTION

NWs have vast applications in novel logic devices, data
storage, permanent magnets, sensors, and biomedicine1–5.
The higher shape anisotropy of NWs compared to their
thin film and nanoparticle counterparts make them promising
nanostructures for soft and hard magnetic materials. For in-
stance, permanent magnets need to exhibit a high coercivity
and energy product3, while magnetic sensors require a low
coercivity and hysteresis loss6. Such large-scale applications
can be obtained by tuning the diameter, aspect ratio, and struc-
ture of the NWs.

The coercivity changes strongly with the average grain size
for different nanocrystalline alloys. In a single domain ferro-
magnetic region the coercivity is proportional to d6, where d
is the diameter of the grain7. At a critical size the exchange
energy starts to balance the anisotropy energy (i.e. when
the grain switches from single-domain to multi-domain struc-
tures). However, the coercivity of multi-domain grain size is
inversely proportional to the diameter. Correspondingly, the
thickness of NW determines the coercivity and type of rever-
sal modes. Depending on the wires’ diameter, either trans-
verse wall or vortex wall can be formed during the magneti-
zation reversal process of homogeneous NWs8–11. Helicoidal
vortex wall and transverse mode have been observed in the
magnetization reversal process of isolated and first-neighbors
arrays of diameter-modulated NWs11.

This work presents a micromagnetic analysis of high-aspect
ratio (length>>diameter and interwire distance) NWs embed-
ded in a nonmagnetic matrix. The hysteresis loss of a highly
packed array of NWs is presented to obtain a trade-off be-
tween the diameter of the NWs and the hysteresis loss of the
composite. In the simulations reported in the paper, we con-
sidered the influence of the number of nanowires and their di-
ameter on the magnetization process. The separation distance

a)Electronic mail: fahmadi@ysu.edu.

between the wires is also a significant factor whose influence
will be analyzed in future research. The paper is organized as
follows. The magnetization reversal process of a single NW
and an array of NWs are demonstrated in sections II and III.
The dependency of hysteresis loss on the diameter of wire is
discussed in section IV. Finally, a conclusion is given.

II. MAGNETIZATION REVERSAL PROCESS OF AN

ISOLATED NW

A rigorous way of studying the magnetic properties of
nanoscale assemblies is micromagnetic simulation, either
static or dynamic. Static approaches typically involve the
minimization of free energy (exchange, anisotropy, magneto-
static, and external field interaction energies combined), while
the dynamic approaches are based on the Landau-Lifshitz-
Gilbert equation. Several free micromagnetic software pack-
ages have been introduced by different research groups world-
wide: OOMMF12, MuMax13, MagPar14, Nmag15, etc. In par-
ticular, OOMMF12 is a well-known completely functional mi-
cromagnetics package. Since 3D numerical analysis of an in-
finite array of NWs is computationally an intensive task, the
Ohio Supercomputer Center (OSC) resources16 are utilized
for OOMMF simulations. For the purposes of this work the
energy minimization17 is utilized to study the magnetization
reversal process of the NWs.

To understand the magnetization reversal process of an ar-
ray of NWs, first, a long single NW embedded in a non-
magnetic matrix is analyzed. To obtain the magnetization
distribution, the total free energy is minimized to reach the
equilibrium condition. In OOMMF, the mesh is comprised
of lattices of rectangular prisms. In the simulation, the mesh
size, and the diameter, and the length of the NW are 2 nm,
124 nm, and 3200 nm, respectively. The saturation magneti-
zation, exchange coefficient, and anisotropy coefficient of the
Iron based NW are 2.1 T, 10 pJ/m and 47000 J/m, respectively.
Cubic anisotropy with easy directions is aligned with the co-
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ordinate axes. Our numerical analysis has shown that, if the
length to diameter ratio is higher than 25, they can for practi-
cal purposes be assumed infinitely long. An external magnetic
field is applied along the NW long axis. The hysteresis of the
single NW is shown in Figure 1, while the inset shows the top
view of the unit cell.

To elucidate the magnetization reversal mechanism, the 2D
plane of magnetization states at four different points of the
hysteresis curve (points a, b, c, and d in Figure 1) are shown
in Figure 2. As represented in the inset of Figure 1, the plane
is located in the middle of the unit cell; this is highlighted
with a purple dashed line. Since the NW is very long, the
right half end of the NW is presented, where the applied field
direction for all cases is from right to the left. At point a,
all magnetic moments are already aligned antiparallel to the
applied field. At point b, the magnetic moments from both
ends of the NW start to rotate and align parallel to the applied
field and move toward the middle of the NW. Then, at point
c, the NW magnetic moments are divided into three sections.
First, part of the NW is totally magnetized in the direction of
the applied field. Second, at some part of NW (the very right
end and middle of the NW), the magnetic moments exhibit a
vortex behavior, as discussed below. Third, part of the NW is
still anti-parallel to the external field (the very left end of the
Figure 1(c)). In fact, magnetization reversal nucleates at both
ends of the NW via a localized vortex mode and propagates
toward the NW center, where this whole process occurs in
an abrupt switch in the hysteresis curve. Finally, at point d,
the NW is entirely magnetized in the direction of the applied
field. The cross section of the magnetization process of Figure
1(b) at two different locations along the NW is exhibited in
Figure 3. The cross section close to the NW end shows a
vortex-like propagation where the vortex core is in the center
of the NW. During the domain wall propagation, the vortex
core approximately follows a spiral pattern and moves toward
the edge of the NW. Similar results are presented in Ref. 11.

The points b and c refer to transitory states in a reversal pro-
cess that changes the magnetization immediately from nearly

FIG. 1. Hysteresis curve of a single NW. The coercivity is Hc =
40 mT. Top view of the NW is shown in the inset. In the simula-
tion, the diameter and length of the NW are 124 nm and 3200 nm,
respectively. The mesh size is 2 nm. Public domain micromagnetic
software OOMMF is used for the simulation.

fully magnetized in one direction to nearly fully magnetized in
the other. The transitory case also brings into question the sce-
nario of domain walls nucleating simultaneously at both ends
of the wire and then moving together to annihilate in the cen-
ter. Generally, elongated systems have a nucleation field and
a wall propagation field18. If the propagation field is higher
than the nucleation field, then domains may nucleate at both
ends of the wire, and then, as the field is increased, the walls
begin to move. Depending on the specifics of pinning sites in
the wire, a similar scenario can be obtained for the wall anni-
hilation. On the other hand, if the propagation field is lower
than the nucleation field, then, once a wall nucleates at either
end, it will immediately sweep through the wire. The exact
value of the nucleation field at an end depends sensitively on
the local part geometry, material variation, defects, and even
random thermal processes. Domain nucleation in a physical
sample (as opposed to a simulation) will unlikely occur at ex-
actly the same time at both ends.

III. MAGNETIZATION REVERSAL PROCESS OF AN

ARRAY OF NANOWIRES

In this work, our goal is to study an infinite array of NWs.
OOMMF supports periodic boundary conditions (PBC) only
in one axis direction. Therefore, to reduce the computational
domain, the magnetization reversal mechanism of nine NWs
is investigated here as shown in Figure 4(a) (each NW is la-
beled with a number). The PBC in the y-axis improves the
accuracy of the model compared to defining a finite number
of NWs along the y-axis. Figure 4(b) illustrates the magneti-
zation, Zeeman energy, demagnetization energy, and total en-
ergy in terms of an external magnetic field. In the simulation,
the magnetic field is only increased in the direction opposite
to the initial condition and the reverse process is not consid-
ered in this paper. As seen, the magnetization reversal process
for all 9 NWs occurs in 5 steps (instead of a nearly square
loop in a single NW with an abrupt jump). Each staircase is
caused by the magnetization reversal of one or more NWs.
For example, in the first step, the magnetization reversal oc-
curs along the whole NW 5, while in the second step, NWs 2
and 8 complete their magnetization reversal processes. In Fig-
ure 4(b), the numbers in each staircase correspond to the NWs
whose magnetization reversal has already occurred. Similar to
the single NW, the reversal processes nucleate at both ends of
the NWs via a localized vortex mode and propagate toward
the NW center. Similar magnetization reversal processes are
observed in Refs. 8 and 11. For given NWs dimensions, it
is also found that, if the number of NWs increases in an ar-
ray, the local field experienced by each of the NWs increases.
Moreover, the coercivity field decreases as a result of the mag-
netostatic interactions between the NWs. Note that in the em-
pirical cases the smooth hysteresis curve without any steps is
expected; that is because, for an infinite array of wires in the
z-axis and y-axis, an infinite number of steps cause smooth
magnetization reversal.

The Zeeman, demagnetization, and total energies in terms
of applied fields are demonstrated in Figure 4(b). The total
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FIG. 2. Plane view of the right half end NW magnetization at the middle of the unit cell. At (a) point a, (b) point b, (c) point c, (d) point d
of the hysteresis curve shown in Figure 1. For all four cases, the applied field direction is from right to left. Public domain micromagnetic
software OOMMF is used for the simulation.

FIG. 3. The cross section of the NW right end during the reversal process at point b (see Figure 1).

free energy is a sum of Zeeman and demagnetization energies;
although the magnetocrystalline anisotropy and exchange en-
ergies play important roles in the magnetization reversal pro-
cess, these energies are negligible in the equilibrium config-
uration. For large wires’ diameters, the magnetostatic energy
dominates the anisotropy and exchange energies. The min-
imum demagnetization energy corresponds to the maximum
Zeeman and total energies where half of the NWs already
completed their magnetization reversal process (i. e. half of
the NWs are magnetized parallel to the external field while
the rest of the NWs are magnetized antiparallel to the external
fields.).

Since the middle NW (i.e. NW number 5) has four neigh-
bors in the y direction, the interactions with farther NWs are
neglected, and the magnetization reversal process of this NW
is studied. Figure 5(a) demonstrates the NW schematic; the
magnetization of three sections of the NW denoted as t1, t2,
and t3 are exhibited in Figures 5(b), 5(c), and 5(d), respec-

tively. First, the NW is already magnetized in the x direction.
Then, by applying an external field in the −x direction, (in a
similar trend of a single NW) the magnetic moments at both
ends of the NW start to rotate and align with the external field.
As seen in Figure 5(b) (which shows section t1 of the NW),
the magnetic moments of the left end of the NW rotate in a
vortex trend and propagate to the NW center. At t2 (see Fig-
ure 5(c)), the magnetic moments of the left end are already
aligned along the applied field, while the vortex propagation
moves toward the center of the NW. Finally, at t3 (see Figure
5(d)), the magnetization distribution is shown for the center
of the NW, while the magnetic moments of both ends aligned
along the applied field. Here, the vortex core is not in the
center of the NW as mentioned previously.

The reversal process in nanoscale wires to some extent is
similar to that of microscale wires. Stoleriu et al.19 studied
the domain structure and magnetization distribution of amor-
phous microwires (MWs). For Fe-based MW without a glass
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FIG. 4. a) Top view schematic of 9 NWs (labeled with numbers) located along the y-axis with PBC in the z-axis. b) Normalized magnetization
(red curve), Zeeman energy (black curve), demagnetization energy (blue curve), and total energy (green curve) in terms of external magnetic
field. For the magnetization curve, the numbers in each staircase are related to the NW that the magnetization reversal has occurred and
is completed. In the simulation, the diameter, lengths, and center-to-center distance between each NW are 124 nm, 3200 nm, and 160 nm,
respectively.

(a)

(b)

(c)

(d)

FIG. 5. (a) Schematic of NW number 5 where part of the NW length is defined with t1, t2, and t3. The NW is already magnetized from left to
right. Plane view magnetization at the middle of the NW unit cell number 5 for length (b) t1, (c) t2, (d) t3. For all three cases, the applied field
direction is from right to left.

cover, the reversal process in the wire is divided into two
switching regions: close to the center and close to the sur-
face of the wire. Initially, the reversal process starts from both
ends of the MW close to the center of the wire and moves
toward the middle of the MW. At this stage, the magnetic mo-
ments close to the center of the wire are axially aligned in the

direction of the external field, while the magnetic moments
close to the surface are anti-parallel to the external field. Then,
the reversal process radially extends to the entire wire for the
magnetic moments close to the surface. The first step of the
reversal process in the MW reported by Ref. 19 is similar to
what is observed in this work for the reversal process of the
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FIG. 6. Normalized hysteresis loss in terms of NW diameter for an
array of NWs (circles). The curve shows the fitting curve D0

D , where
D is the wire diameter and D0 = 20 nm is the simulated minimum
diameter. In the simulations, the length and intrawire distance are
30D and 1.27D, respectively.

NW array (as well as a single NW). Therefore, the computa-
tionally affordable micromagnetic analysis of NWs provides
a picture of the magnetization reversal process in wires with
higher diameters.

IV. HYSTERESIS LOSS IN AN ARRAY OF NANOWIRES

Hysteresis loss is a major concern in magnetic materials,
and depends on the dimensions and frequency. The hysteresis
loss (the hysteresis loop area) in terms of the NW diameter is
illustrated in Figure 6 for an array of long NWs (circles) using
OOMMF. The values are normalized to the maximum calcu-
lated loss in the whole range of diameters. In the simulations,
the length and center-to-center distance between each NW are
30D and 1.27D, respectively, where D is the diameter.

As seen, if the diameter increases, the hysteresis loss de-
creases as well. That is, the coercivity and remanence mag-
netization decrease as the NWs diameter increases, while the
saturation magnetization increases. Shape anisotropy, demag-
netizing field, and dipolar interaction between the NWs in the
array contribute to such behavior20. Similar results are pre-
sented in Refs. 21 and 20. When the diameter increases from
20 nm to 40 nm, the hysteresis loss decreases from 1 to 0.5.
A fitting curve shows that the hysteresis loss reduces as D0

D
where D0 is the simulated minimum diameter (i.e. 20 nm).

The results shed light on the understanding of the hys-
teresis loss on a larger scale, as this behavior has been
numerically and experimentally observed in microscale
dimensions19,22–24.

V. CONCLUSION

Using the minimization of free energy, the magnetization
reversal processes of a single NW and an array of NWs are
studied to qualitatively understand their magnetic properties.
In an array of NWs with a diameter range of hundreds of
nanometers, the Zeeman and demagnetization energies are

dominant, while the anisotropy and exchange energies are
negligible. The study shows that the hysteresis loss of an ar-
ray of long NWs decreases when the diameter of the wires
increases. The results presented in this work facilitate the de-
sign of composites made of highly packed ferromagnetic NWs
where the coercivity and hysteresis loss play a key role.

ACKNOWLEDGMENTS

Research of IT was supported in part by the US Na-
tional Science Foundation awards DMS-1216927 and DMS-
1620112.

1D. A. Allwood, G. Xiong, C. C. Faulkner, D. Atkinson, D. Petit, and
R. P. Cowburn, “Magnetic Domain-Wall Logic,” Science 309, 1688–1692
(2005).

2S. S. P. Parkin, M. Hayashi, and L. Thomas, “Magnetic Domain-Wall Race-
track Memory,” Science 320, 190–194 (2008).

3K. Gandha, K. Elkins, N. Poudyal, X. Liu, and J. P. Liu, “High Energy
Product Developed from Cobalt Nanowires,” Sci. Rep. 4, 1–5 (2014).

4D. Reyes, N. Biziere, B. Warot-Fonrose, T. Wade, and C. Gatel, “Magnetic
Configurations in Co/Cu Multilayered Nanowires: Evidence of Structural
and Magnetic Interplay,” Nano Lett. 16, 1230–1236 (2016).

5M. Safi, M. Yan, M. A. Guedeau-Boudeville, H. Conjeaud, V. Garnier-
Thibaud, N. Boggetto, A. Baeza-Squiban, F. Niedergang, D. Averbeck, and
J. F. Berret, “Interactions between Magnetic Nanowires and Living Cells:
Uptake, Toxicity, and Degradation,” ACS Nano 5, 5354–5364 (2011).

6A. Remadevi, D. K. Sreedeviamma, and K. P. Surendran, “Printable Hi-
erarchical Nickel Nanowires for Soft Magnetic Applications,” ACS Omega
3, 14245–14257 (2018).

7G. Herzer, “Modern soft magnets: Amorphous and nanocrystalline materi-
als,” Acta Mater. 61, 718–734 (2013).

8R. Hertel and J. Kirschner, “Magnetization reversal dynamics in nickel
nanowires,” Physica B: Condensed Matter. 343, 206–210 (2004).

9K. M. Lebecki and M. J. Donahue, “Comment on “Frustrated magnetization
in Co nanowires: Competition between crystal anisotropy and demagneti-
zation energy”,” Phys. Rev. B 82, 1–4 (2010).

10Y. P. Ivanov, M. Vazquez, and O. Chubykalo-Fesenko, “Magnetic reversal
modes in cylindrical nanowires,” J. Phys. D: Appl. Phys. 46, 1–11 (2013).

11L. C. C. Arzuza, R. López-Ruiz, D. Salazar-Aravena, M. Knobel, F. Béron,
and K. R. Pirota, “Domain wall propagation tuning in magnetic nanowires
through geometric modulation,” J. Magn. Magn. Mater. 432, 309–317
(2017).

12M. J. Donahue, “OOMMF User’s Guide, Version 1.0,” - 6376 (1999),
150766.

13A. Vansteenkiste and B. V. D. Wiele, “MUMAX: A new high-performance
micromagnetic simulation tool,” J. Magn. Magn. Mater. 323, 2585–2591
(2011), arXiv:arXiv:1102.3069v2.

14W. Scholz, J. Fidler, T. Schrefl, D. Suess, R. Dittrich, H. Forster, and
V. Tsiantos, “Scalable micromagnetic solvers for magnetic nanostructures,”
Comp. Mat. Sci. 28, 366–383 (2003).

15T. Fischbacher, M. Franchin, G. Bordignon, and H. Fangohr, “A systematic
approach to multiphysics extensions of finite-element-based micromagnetic
simulations: Nmag,” IEEE Trans. Magn. 43, 2896–2898 (2007).

16“Ohio supercomputer center,” http://osc.edu/ark:/19495/f5s1ph73 (1987).
17W. F. Brown, Micromagnetics (Interscience New York, New York London,

1963).
18R. D. McMichael, M. J. Donahue, D. G. Porter, and J. Eicke, “Ferro-

magnetic resonance in low interacting permalloy nanowire arrays,” J. Appl.
Phys. 85, 5816–5818 (1999).

19L. Stoleriu, C. Pinzaru, and A. Stancu, “Micromagnetic analysis of switch-
ing and domain structure in amorphous metallic nanowires,” Appl. Phys.
Lett. 100, 1–4 (2012).

20V. Raposo, M. Zazo, A. G. Flores, J. Garcia, V. Vega, V. Iniguez, and V. M.
Prida, “Ferromagnetic resonance in low interacting permalloy nanowire ar-
rays,” J. Appl. Phys. 119, 1–5 (2016).

http://dx.doi.org/10.1126/science.1108813
http://dx.doi.org/10.1126/science.1108813
http://dx.doi.org/10.1126/science.1145799
http://dx.doi.org/https://doi.org/10.1038/srep05345
http://dx.doi.org/ https://doi.org/10.1021/acs.nanolett.5b04553
http://dx.doi.org/ 10.1109/28.536885
http://dx.doi.org/ 10.1016/j.physb.2003.08.095
https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=904979
http://dx.doi.org/10.1016/j.jmmm.2017.01.071
http://dx.doi.org/10.1016/j.jmmm.2017.01.071
http://dx.doi.org/150766
http://dx.doi.org/150766
http://dx.doi.org/10.1016/j.jmmm.2011.05.037
http://dx.doi.org/10.1016/j.jmmm.2011.05.037
http://arxiv.org/abs/arXiv:1102.3069v2
http://www.cwscholz.net/projects/papers/preprint/scholz/cms03/magpar.pdf
http://dx.doi.org/10.1109/TMAG.2007.893843


6

21L. V. Thiem, L. T. Tu, and M. H. Phan, “Magnetization Reversal and Mag-
netic Anisotropy in Ordered CoNiP Nanowire Arrays: Effects of Wire Di-
ameter,” Sensors 15, 5687–5696 (2015).

22F. M. F. Rhen and S. Roy, “Dependence of magnetic properties on micro-
to nanostructure of CoNiFe films,” J. Appl. Phys. 103, 1–4 (2008).

23T. Saito and S. Takemoto, “Core loss in Fe-Si powder cores,” J. Magn.
Magn. Mater. 37, 155–160 (2013).

24B. Jankowski, B. Slusarek, J. Szczyglowski, and K. Chwastek, “Modelling
Hysteresis Loops in Fe-Based Soft Magnetic Composites Using Takács De-
scription,” Acta Physica Polonica A 128, 116–119 (2015).


	Micromagnetic study of soft magnetic nanowires
	Abstract
	Introduction
	Magnetization Reversal Process of an isolated NW
	Magnetization Reversal Process of an Array of Nanowires
	Hysteresis Loss in an Array of Nanowires
	Conclusion
	Acknowledgments


