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Abstract: Horizontally shifted and asymmetric hysteresis loops are often associated with exchange-

biased samples, consisting of a ferromagnet exchange-coupled with an antiferromagnet. In purely 

ferromagnetic samples, such effects can occur due to undetected minor loops or thermal effects. 

Simulations of ferromagnetic nanostructures at zero temperature with sufficiently large saturation 

fields should not lead to such asymmetries. Here we report on micromagnetic simulations at zero 

temperature, performed on sputtered nanoparticles with different shapes. The small deviations of 

the systems due to random anisotropy orientations in the different grains can not only result in 

strong deviations of magnetization reversal processes and hysteresis loops, but also to distinctly 

asymmetric, horizontally shifted hysteresis loops in purely ferromagnetic nanoparticles. 
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1. Introduction 

The exchange bias (EB) effect describes a phenomenon that occurs in 

ferromagnet/antiferromagnet systems due to an exchange coupling at the interface and leads to a 

shift of the hysteresis loop, often in combination with an asymmetry of the loop [1]. After firstly being 

found in Co/CoO core/shell nanoparticles [2], the exchange bias is now mostly investigated in thin-film 

systems [3–6]. Technologically, the effect is particularly relevant for hard disk read heads, spin valves 

and other spintronic devices [7–10]. 

Although the origin of the EB is not yet fully understood quantitatively, there is general 

agreement that the interface between a ferromagnet and an antiferromagnet—or ferrimagnet—plays 

a crucial role in this effect [11–13]. Recently, the additional influence of long-range interactions in the 

antiferromagnet has been shown [14,15]. On the other hand, this means that in purely ferromagnetic 

systems, regardless of size or shape, neither a shift of the hysteresis loop nor an asymmetry of the 

hysteresis loop is to be expected. 

Nevertheless, only few studies report on such effects. In particular, magnetization 

measurements using the magneto-optical Kerr effect (MOKE), where only magnetization differences 

are detectable while the absolute magnetization cannot be measured, do not show a possible vertical 

shift of the hysteresis loop, so that this method is prone to erroneously measuring minor loops that 

appear to be completely closed, while saturation is not yet reached [16]. On the other hand, exchange 

bias-like loop shifts were reported in pure antiferromagnets, where they were attributed to 

uncompensated spins inside the antiferromagnet, which led to field-resistant magnetization [17]. 

Here we show micromagnetic simulations using the Object Oriented MicroMagnetic Framework 

(OOMMF) at zero temperature, performed on symmetrical sputtered nanoparticles with different 
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shapes and holes or slits inside. Such structures are interesting since they can often be used to prepare 

quaternary memory devices in which two (or even more) bits can be stored in one storage position [18]. 

Our results show that not only the small deviations of the investigated systems due to random 

anisotropy orientations in the different grains can lead to strong deviations of magnetization reversal 

processes and hysteresis loops, but that distinctly asymmetric, horizontally shifted hysteresis loops 

can occur in a purely ferromagnetic nanoparticle. 

2. Materials and Methods 

Different nanostructures were modeled, as depicted in Figure 1. The lateral dimensions of the 

frames are always 100 nm × 100 nm, the height was defined with 10 nm. 

    

M1 M2 M3 M4 

Figure 1. Different masks with slots under investigation. Black areas depict Fe, while white areas are air. 

For the simulations OOMMF was used [19], which is based on finite differences for the meshing 

and dynamic solution of the Landau-Lifshitz-Gilbert (LLG) equation of motion [20]. The material 

parameters were chosen as typical literature values for iron (Fe): magnetization at saturation MS = 

1700·103 A/m, exchange constant A = 21·10−12 J/m, magneto-crystalline anisotropy constant K1 = 48·103 J/m3.  

Since such nanostructures are usually fabricated by electron beam lithography [21], the 

anisotropy axes in neighboring cubic cells of the dimension (5 nm³) were randomly selected so that 

the configurational anisotropy dominates the magnetization reversal [22]. Setting the Gilbert 

damping constant α = 0.5 results in simulations of a realistic quasi-static case. External magnetic fields 

were applied in the sample plane and were swept between different maximum fields at diverse angles. 

It must be mentioned that the temperature was set to 0 K to avoid thermal fluctuations which 

could hinder the magnetization reversal process. 

3. Results and Discussion 

The original goal of this study was to investigate possible structures for quaternary storage 

applications. Figure 2 shows this effect exemplarily for mask M1 under an angle of 0° (horizontal 

orientation in Figure 1). Figure 2a depicts the longitudinal magnetization component ML, parallel to 

the external magnetic field. Here, the field sweep was stopped only for the widest steps, decreasing 

the external magnetic field to 0 in order to investigate the stability of the different states achieved in 

this way at remanence. Thus, in addition to the common two states, two further stable states at 

remanence could be verified. The snapshots corresponding to the numbers of the intermediate states 

in Figure 2a are depicted in Figure 2b. 

Here it becomes clear why this nanoparticle structure is well-suited to provide more than one 

stable state at remanence: The four different parts of the structure do not switch the magnetization 

simultaneously, and these partially switched states correspond to the steps along the slope of the 

hysteresis loop (Figure 2a).  

However, it must be mentioned that the other steps are either not correlated with stable 

intermediate states (not shown here) or are too narrow to be technologically important and therefore 

have not been further investigated here. Nevertheless, the different slit positions allow interesting 

magnetic states and should therefore be examined more in detail in the near future by varying all 

dimensions of the nanoparticles. 
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Figure 2. (a) Hysteresis loop and (b) snapshots of stable intermediate states # 0-3, simulated for mask 

M1 under a field angle of 0°. 

A very similar effect is found in mask M4, as shown in Figure 3. Here, each bar switches 

successively, which theoretically enables even eight different states at remanance. The narrower 

steps, however, were again not tested because they are technologically less relevant.  
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Figure 3. (a) Hysteresis loop and (b) snapshots of stable intermediate states # 0-3, simulated for mask 

M4 under a field angle of 0°. 

Similar effects were found for sample M2 at an angle of 0°. However, the rotation of the external 

magnetic field to an orientation of 90° led to an unexpected finding. As Figure 4a shows, in this case 

a horizontally shifted, asymmetric hysteresis curve occurs, which shows the typical form of, e.g., 

Fe/MnF2 thin film exchange bias systems [23]. As discussed above, in the case of a pure ferromagnet 

such a finding should be attributed to the measurement of a minor loop.  

While the maximum fields of ± 1 T applied here are already quite large, it is known that saturation 

fields can be much larger than coercive fields; therefore, therefore, a maximum field of 10 T was applied 

in the next simulations. This order of magnitude is accessible with common magnets in cryostats. 

Two of the results are shown in Figure 4b,c. Both experiments yielded symmetrical curves; however, 
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with different coercive fields and also different magnetization reversal processes, as the strongly 

different transverse hysteresis loops MT show. It should be mentioned that Figure 4a contains 

elements of both hysteresis loops simulated for 10 T maximum fields, underlining the idea that Figure 4a 

shows a pseudo-EB due to simulating a minor loop. 
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Figure 4. (a–f) Longitudinal and transverse hysteresis loops ML and MT, simulated for mask M2 under 

a field angle of ~90° applying different maximum fields, incl. different runs with a maximum external 

magnetic field of 10 T. 
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Next, it was tested whether a slight symmetry breaking by a further rotation of the particle 1° 

would increase the reproducibility of the results. However, as depicted in Figure 4c–f, this approach 

was not successful. All longitudinal as well as transverse magnetization components differ clearly. It 

is also visible that the transverse magnetization components are saturated only at absolute fields 

greater than 900 mT, whereas the longitudinal loops seem to be saturated at less than half of these 

fields. This underlines the earlier finding that minor loops can remain undiscovered in experiments 

where the transverse magnetization components are often not measured [16], and again shows the 

lack of reproducibility of magnetization reversal processes in nanoparticles with small regions that 

can remain unchanged. Very similar results were found in the sample M3 at an angle of 0° (not shown 

here), where three different magnetization reversal processes were also observed in subsequent 

simulations. 

While the lack of reliability in some of the samples is problematic for a possible technological 

application, the pseudo-exchange bias depicted in Figure 4 is even technologically relevant. It has to 

be emphasized that although this effect shows a similar behavior to exchange bias, it is not due to 

exchange coupling between different magnetic materials and therefore cannot be considered as 

exchange bias, but is based on minor loops. Such minor loops are usually avoided in most 

measurements, since they can lead to misinterpretations. However, the possibility to prepare a purely 

ferromagnetic system with a pseudo-EB could offer new possibilities to create simpler spin-valves 

and other spintronics elements that normally require many layers, including a ferromagnetic layer 

pinned by an antiferromagnet to increase its switching field. If it is possible to prepare layers with an 

intrinsic pseudo-EB due to geometric constrictions, the antiferromagnet can be omitted and thus 

spintronics devices can be produced from simpler layer stacks. 

4. Conclusion 

Different magnetic iron nanostructures with slits proved to be applicable as quaternary storage 

devices, exhibiting four or even more stable magnetic states at remanence. In two of these structures, 

strongly varying magnetization reversal processes also occurred, depending on the anisotropy axis 

distribution in the cells of the meshed sample.  

While this behavior can cause problems in the technological application of such magnetic 

nanostructures, the additional observation of a pseudo-exchange bias in one of the purely 

ferromagnetic structures suggests the design of ferromagnetic nanostructures with geometric 

constrictions that leave part of the structure unchanged while the residual magnetization is reversed, 

thus working similar to the interaction between ferromagnetic and antiferromagnetic layer in an 

exchange bias system without the need to apply an additional antiferromagnet. 
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