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Different types of reversal processes, including either uniform-rotation or domain-wall driven

processes, were indentified in magnetic nano-wires of four-fold symmetry using micromagnetic

simulations. Iron wires were tested for diameters ranging from 6 nm up to 20 nm, while their

lengths were taken from 30 nm to 70 nm range, and for several directions of externally applied

magnetic field. Physical parameters of presented low-dimensional structures enabled reversal via

intermediate states, which can lead to additional stable states at remanence, contrary to instable

vortexes observed in magnetic nano-rings or cylindrical nanodots. VC 2013 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4772459]

I. INTRODUCTION

The recent development of magneto-electronic devices

is based on two main types of structural solutions. First, in a

quite established and dominating way, the technology of

ultra-thin ferromagnetic single layers and multilayers is used

in laboratories and commercial markets. Second, promising

candidates for the next generation of information storage

media and sensing devices are intensively studied in periodi-

cal arrays of single ferromagnetic circular or wired nano-

objects. Such multilayered cylindrical systems are applied in

magnetic random access memories (MRAM)1 and generally

in spin valves.2,3 The wire-based approach, however, being

inspired by textile magnetic materials4 or low-dimensional

magnetocrystalline symmetries observed in epitaxial layers,5

can offer novel magnetic shape anisotropies at micro-scale

and also many scenarios for magnetization dynamics. Thus,

this topic requires systematic research to warrant a deep

understanding of the appearing phenomena.

In the recent literature, there are some interesting reports

of exotic magnetic states in wire-arrays and single objects.

For example, stable onion states were examined in permalloy

(Py) rectangular rings of size 1.5 lm � 1 lm, with a rectan-

gular cross-section of 250� 250 nm2, by Subrami et al.6

Wang et al. tested rectangular arrays of 1.15 lm� 0.7 lm

rings with a closely (100 nm) and a widely (500 nm) spaced

option for packing,7 and concluded that closer spacing influ-

ences transitions from vortex states into onion states and

vice versa, due to more collective behavior of rings. Interest-

ing systems of closely spaced squared Py dipole lattices of

four-fold symmetry and iron (Fe) Kagome lattices (a special

composition of interlaced triangles) of six-fold symmetry,

interacting via dipolar fields, were studied by Remhof et al.8

and Westphalen et al.9 Importantly, they observed collective

effects and interpreted occurrence of horseshoe and vortex

states in terms of interactions between parallel and anti-

parallel magnetically ordered sublattices. Gao et al. also

reported a rich set of magnetic states.10 They observed dif-

ferent routes for magnetization evolution including transi-

tions between a domain wall, diagonal onion, horseshoe, and

a transition leading to vortexes in deformed cobalt (Co)

rings, which were 880 nm in length along the major axis and

660 nm along the minor axis, and with ring width of 300 nm

and an inter-ring edge-to-edge spacing of 500 nm. In his

interpretation, Gao emphasized that the difference between

easy and hard directions for a reversal analysis originated

mainly from the dynamics of a single object in a relatively

far spaced array, when the influence of magnetic stray fields

can be less significant. A similar search for novel magnetic

states, narrowed to single magnetic objects, was carried out

by He et al. in a slotted Co nanoring.11 The slotting was

applied to break closed flux of vortexes and the analysis was

only carried out for the two main orientations of an exter-

nally applied magnetic field equivalently to a hard and an

easy directions. Zang and Haas studied a magnetic nanocy-

linder using Monte Carlo analysis of switching behavior

influenced by shape modifications.12 Recently, Yoon et al.
analyzed tail-to-tail domain wall motion in a circular ring

made from a wire to reveal a spin-valve behavior.13 Finally,

an analysis of a single quaternary wire system, used as a pos-

sible four-states memory cell, was carried out by the

authors.14

One of the most important issues occurring in magnetic

nanosamples is the problem of stability of magnetic states

during evolutions between saturation and anti-saturation,

including analysis of states at remanence. In this paper, we

narrow our analysis to single magnetic squared objects made

from Fe wires, being inspired by textile magnetic materials.

Tests of different side lengths (30 nm–70 nm) and different

length-to-diameter ratios (�3–11), carried out for several

angular in-plane directions of externally applied field,
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ranging from 0� to 45�, resulted in occurrence of stable and

instable magnetic states and novel scenarios for magnetiza-

tion dynamics.

We show that an intermediate state—recognized by a

step in hysteresis process—can lead to the stable remanent

state existing for zero-valued magnetic field, for which the

remanent magnetization is less than the remanent magnetiza-

tion of the main hysteresis loop.14 For quaternary systems,

those states at remanence were also observed, and impor-

tantly, they were achievable reversely by sequentially

switching off the magnetic field vector.

In the subsequent chapters, we provide color-coded

histograms of coercivities, which reveal magnetic states

showing spatial distributions of magnetization vectors at

remanences and for field coercivity moments. Next, we pres-

ent hysteresis curves obtained for six different magnetization

reversal mechanisms, and finally analyze exchange energy as

a function of externally applied magnetic field for all of these

scenarios. Simulations were carried out in order to systemize

the recent findings of intermediate stable states in quaternary

wire system.14

II. MODELLING

Using a micromagnetic simulator15 based on a finite ele-

ment mesh and Landau-Lifshitz-Gilbert (LLG)16 equation of

magnetization dynamics evolution, we investigated square

systems of four Fe wires crossed at the ends. Tetrahedral

meshes, prepared by the GiD personal pre and post processor

elaborated in the International Center for Numerical Meth-

ods in Engineering (Barcelona, Spain), had typical sizes of

3 nm, understood as a distance between nodal points, which

is less than the Fe N�eel exchange length of 3.69 nm,17 which

warrants proper micromagnetic calculation results. The

diameters of tested wires in a square configuration, superim-

posed at the ends, are chosen between 6 nm and 20 nm and

the lengths between 30 nm and 70 nm. The length/diameter

aspect ratio of the wires determined the volume of crossing

regions and mainly influenced the resulting demagnetizing

fields. The other material parameters were chosen as follows:

exchange constant A¼ 2� 10�11 J/m, magnetic polarization

at saturation Js¼ 2.1 T, the Gilbert damping constant a¼ 0.1,

and the energy-density anisotropy constants K1¼ 4.8� 104

J/m3, K2¼ 5.0� 103 J/m3.18 Similar lateral sizes (50–300 nm)

were often used in recent theoretical articles about magnetic

nano-particles.11,16,19–24 The slightly smaller dimensions con-

sidered here additionally exhibit interesting effects which

have to be taken into account when our findings are to be

transferred to applied solutions. To enhance the possibility of

comparison of the square system under investigation with

nano-patterned rings,11,12,25–27 we have chosen an in-plane

oriented sample instead of perpendicularly oriented ferromag-

netic regions as used in today’s hard disks.

In general, assumed physical conditions and spatial pa-

rameters are equivalent to nanocrystalline samples, since

micromagnetism deals with the sample shape and micro-

structure. It results from the fact that the micromagnetic

method is based on the conception of a magnetic particle and

works at scales between crystalline lattices and domain

walls. Thus, it is able to simulate granular and polycrystal-

line microstructures with random magnetocrystalline anisot-

ropy, material inhomogenities, and irregular magnetic

regions.

In order to obtain a hysteresis and observe magnetiza-

tion reversal mechanism, a magnetic wire-system has been

simulated using the external magnetic field Hext, lying in the

sample plane, which was swept from 0 to 600 kA/m at a con-

stant speed of 10 kA/(m ns), then swept back at the same

speed to �600 kA/m, and oriented back to positive saturation

again. The field sweeping speed was chosen along the lines

of typical values for MRAM applications.28 Tests with a

slower sweep rate, 1 kA/(m ns), did not show significant

changes in the results. Importantly, even for the higher

sweep rate ripples, understood as high-frequency oscillations

(GHz) of the magnetization vector with characteristic small

amplitudes that do not strictly correlate with a smooth vector

evolution, were not observable in the presented wire

samples.

III. RESULTS

Fig. 1 depicts the results of the coercivities, for different

lengths-to-diameter ratios, for different orientations of the

externally applied magnetic field—the color code shows the

coercive fields of the respective simulations in (kA/m) unit.

Comparing the graphs for the different orientations, it is

obvious that 0� and 45� cases (associated with symmetry

axes) show similar results, while simulations for other angles

are different. For 0� and 45� results (Fig. 1), the largest coer-

civities can be found for systems with short and thin wires,

and the smallest coercivities occur for systems of wires with

larger diameters, almost independent of the wire length (dif-

ferent colors are roughly oriented horizontally). Changing

the field orientations, from 0� to 5� and from 45� to 40�

values, modifies the coercivity characteristics significantly

(Fig. 1) making comparable coercivity regions oriented more

diagonally.

In order to test numerical stability and to avoid uninten-

tional artifacts in hysteresis loops, we compared 0� and 45�

results with those obtained for slightly tilted directions of the

applied field, that is, for 1� and 44� orientations, respec-

tively. The results indicate that 0� is an instable direction in

the simulation, changing the effects found here very fast for

directly neighboring directions for all tested samples. On the

other hand, the 44� result shows a qualitatively similar tend-

ency only for samples of relatively small dimensions. In that

sense, the 45� direction is a stable direction in the

simulation.

The strong quantitative differences of the coercivities

for different wire lengths and diameters lead to the idea that

different magnetization reversal processes may occur for dif-

ferent orientations and dimensions of the wire systems.

Indeed, the magnetization snapshot of the simulations shows

several different magnetization reversal mechanisms, which

are indicated exemplarily in Fig. 1, i.e., undisturbed vortex

states, vortex state deformed by an out-of-plane component,

coherent magnetization reversal, horseshoe and deformed

horseshoe states, deformed onion states, and domain wall
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nucleation and propagation processes. Additionally, the sys-

tem used in a former examination14 is marked in Fig. 1 for

20� field orientation, where onion states were observable.

Examples of all magnetization states are given later in

Fig. 2. The graphs depict snapshots of different magnetiza-

tion reversal processes which have been found in the samples

under simulation, together with the hysteresis loop of the

respective system and hysteretic changes of exchange energy

density. Figs. 2(a) and 2(b) show different possibilities of

magnetization reversal for a system orientation adjusted to

0� (i.e., with one pair of wires parallel to the external mag-

netic field), via a vortex state (state marked as II in Fig.

2(a)), leading to a step in the hysteresis loop (an intermediate

state), or by a similar state with an out-of-plane

FIG. 1. Color-coded plot of coercivities,

simulated for different orientations of exter-

nally applied magnetic field in (x-y) plane—

the angle measured between the magnetic

field intensity vector and the x-axis (com-

pared to Fig. 2): 0� with the position of evo-

lution with vortex, and of evolution with

intermediate states excluded with disturbed

vortex, 10� with the positions of evolution

with coherent magnetization reversal and

dominating horseshoe states, via deformed

horseshoe, via deformed onion state, and

with domain-wall process and intermediate

states excluded marked by crosses, respec-

tively; 20� with the position of the Ref. 14

marked by a cross. The coercivity scale is

expressed in (kA/m) units. Black regions

point on non-simulated configurations.
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magnetization component (marked as C in Fig. 2(b)), leading

to a hysteresis loop without steps, respectively.

The additional four processes have also been found in

simulated systems rotated away from 0�: the coherent mag-

netization reversal via horseshoe states and leading to the

same horseshoe at stable intermediate state (marked as R2 in

Fig. 2(c)), only occurring in small particles with relatively

thick wires; the reversal via deformed horseshoe states and

domain walls at coercivity field (C) leading to a stable inter-

mediate state (R2) as a horseshoe one (Fig. 2(d)); next, the

similar reversal via deformed onion states and domain walls

at coercivity field (C) leading to a stable intermediate state

(R2) as an onion one (Fig. 2(e)), which are often seen in

larger systems with relatively thinner wires; and finally, the

reversal via domain walls nucleated and propagated along

wires observable in particles of all dimensions (Fig. 2(f)).

The reversal processes leading to stable intermediate

states—i.e., coherent rotation, horseshoe, and onion state—

can be recognized by steps in the hysteresis loops (in some

cases not very broad or with a magnetization component Mx

quite near to the saturation magnetization) as it can be seen

in Figs. 2(c)–2(e)). No step occurs in reversal with vortex

FIG. 2. Magnetization reversal mechanisms and the associated characteristic magnetization states: vortex in 30 nm � 6 nm (length � diameter) system with 0�

orientation (a), out-of-plane magnetization component (domain wall) and disturbed vortex in 30 nm � 10 nm system with 0� orientation (b), coherent magnet-

ization reversal in 30 nm� 10 nm system with 10� orientation and existence of horseshoe states (c), deformed horseshoe state in 60 nm� 6 nm system with 10�

orientation (d), deformed onion state in 55 nm� 6 nm system with 10� orientation (e), and domain wall nucleation and propagation in 55 nm� 12 nm system

with 10� orientation (f). Hysteresis loops are given with the marked positions of magnetization states. The samples were colored in accordance with Mx mag-

netization vector component orientation, when the component is parallel (red), anti-parallel (blue), or perpendicular (green) to the direction of externally

applied magnetic field. The exchange energy density as a function of externally applied field shows transient effects for all cases ((a)–(f)), for coherent reversal

is very nonlinear (c). For reversals with disturbed horseshoes and onions ((d) and (e)), main remanent states and intermediate stable states have the same

exchange energy. For evolution with vortexes (a) and for coherent reversal (c), the exchange energy for stable intermediate states predominates over the energy

of the main remanent states. Inequality of spike amplitudes for some cases results from resolution of numerical procedures.

013901-4 Blachowicz et al. J. Appl. Phys. 113, 013901 (2013)



disturbed by a domain wall (Fig. 2(b)) and domain wall

dominated processes (Fig. 2(f)).

It should be mentioned that in some samples, the mag-

netization reversal process is performed by more than one of

the above described processes, sometimes leading to two

separate steps on either side of a hysteresis loop or other

effects which are not described here in detail.

Another characteristic useful for reversal process dis-

tinction is based on the analysis of exchange the energy den-

sity, driven by the externally applied magnetic field. There

are three main features discovered in the analyzed samples.

First, the exchange energy for a stable intermediate state (if

it exists) can be larger than that of remanences state, for evo-

lution with dominating vortexes (Fig. 2(a)) or for uniform

rotation with dominating horseshoes (Fig. 2(c)). Second, the

exchange energy at stable intermediate states can be equal to

the exchange energy for a state at the main hysteresis loop

remanence, when evolution is guided by horseshoes or

onions disturbed by occurrence of domain walls, seen at the

coercivity (Figs. 2(d) and 2(e)). Third, for rapid magnetiza-

tion reversal moments, when magnetization changes its sign

near the coercivity, exchange energy evolves via sharp

FIG. 2. (Continued.)
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transient states. This effect is common for all considered

samples and configurations. Additionally, extra exchange

energy spikes can be found for the cases with steps, when

magnetization features local rapid change evolving from an

intermediate step into a main hysteresis loop. It is also worth

to mention that for some situations, the system evolution,

expressed by the exchange energy, can be sometimes highly

nonlinear, which is a characteristic feature of uniform rever-

sal processes (Fig. 2(c)).

IV. CONCLUSIONS

To conclude, we have shown by micromagnetic simula-

tions that the fourfold wire systems under examination

exhibit six different types of reversal processes, depending

on system dimensions and orientation to the external mag-

netic field. For reversal processes along intermediate states,

the corresponding hysteresis loops exhibit a step. A broad

overview over the possible combinations of wire dimensions

FIG. 2. (Continued.)
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and orientations results in the finding that for highly symmet-

ric orientations, i.e., 0� and 45�, the dimensional dependence

of the coercive fields—diameter vs. length diagrams—is

nearly opposite to that in less symmetric orientations. In

other words, the less symmetric orientations are more sus-

ceptible to magnetization reversal via intermediate states.

The susceptibility for such reversal in magnetic wire nano-

structures is possible for a rich set of samples dimensions

visible as separate regions derived from coercivity character-

istics. Taking advantage from the competition between

exchange and demagnetizing fields at nanoscale, it was

shown that this effect can be tailored by a shape modification

(length-to-diameter-ratio) indicating possible applications in

next generation memory devices based on patterned

structures.
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