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Abstract: 

Nanotechnology has opened numerous ways for physically realizing very sophisticated 

nanodevices that can be fabricated exclusively using molecular engineering methods. However, 

the synthesis procedures that lead to the production of nanodevices are usually complicated and 

time consuming. For this reason, the destination materials should be well designed. Therefore, 

numerical simulations can be invaluable. In this work, we present numerical simulations of the 

magnetic behaviour of magnetic units shaped into nanometric strips as a low dimensional layout 

that can be used as nano-systems of combinatorial logic. We showed that magnetic layouts that 

contain fewer than 16 magnetic units can take on a specific configuration as a response to the 

input magnetic field. Such configuration can be treated as an output binary word. The layouts 

that contained various numbers of magnetic units showed different switching characteristics 

(utterly different order of inverting of strips’ magnetic moments), thus creating numerous 

combinations of the output binary words in response to the analog magnetic signal. The number 

of possible output binary words can be increased even more by adding parameters––the system’s 

initial magnetic configuration. The physical realization of the model presented here can be used 

as a very simple and yet effective encryption device that is based on nanometric arrays of 

magnetic units rather than an integrated circuit. The same information, provided by the proposed 

system, can be utilized for the construction of a nano-sensor for measuring of magnetic field with 

the possibility of checking also the history of magnetization. 

Keywords: Magnetic Particles, Numerical Simulations; Combinatorial Logic Systems, 

Nanoelectronics, Macrospins, Micromagnetic Simulation, Multistage Switching. 

 

Introduction: 

Molecular engineering [1,2], one of 

the most important tools in nanotechnology, 

enables to broke the frontiers in the modern 

technology [3]. Nanotechnology can be 

considered as some kind of ―reversed 

physics‖. For classical physics, we start from 

the ―solving‖ the materials to find all the 

properties they have, their structure, and all 

of the physical laws that apply to them. 

Once we have these, we can consider some 

possible applications for the investigated 

matter. In the nanotechnological approach, 

we start from considering the most 

prospective application for some unknown 

material after which we can try to find some 

physical and chemical properties that enable 

it to be used in a manner being considered. 

In the next step, the molecular structure 

should be designed in such a way as to 

imply assumed properties to the resulting 

material. Next, we should design and 
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execute the synthesis. Having the 

synthesized material, the classical physical 

methods can be used to verify the 

assumptions. The approach presented above 

is quite effective, as far as synthesizing the 

materials for practical applications is 

concerned. However, It is not an easy 

process to do that. Both synthesizing a 

material with assumed properties, as well as 

designing the correct molecular structure, is 

extremely difficult in most cases. 

Considering the latter process, numerical 

simulations can help significantly. Let us 

consider the layout of regular magnetic 

units. When we assume suitably small 

dimensions of the units, the fabrication of a 

super-dense memory storage, magnetic 

Nano sensors, molecular neural networks or 

combinational logic nanocircuit becomes 

possible [4,5,6,7,8,]. Importantly, the last-

mentioned application seems to be 

promising because such systems can be used 

in many emerging technologies, such as 

encryption, encoding, or data compression. 

The system can be theoretically fabricated 

using electrochemical methods combined 

with other nanotechnology tools, which can 

be selected depending on the assumed 

geometry, which should be thoroughly 

thought out because the magnetic behaviour 

of low-dimensional nano layouts is not 

always obvious. Such a system’s magnetic 

response to the magnetic field that is applied 

depends strongly on the number of magnetic 

units in the whole system. This factor is 

crucial because it enables the binary 

encoding of the analogy input signal. We 

describe the assumed operating of the 

nanometric combinatorial logic system 

further in the text. 

 

Materials and Methods: 

In this study, we considered the 

properties of a chain layout of magnetic 

units regarding the number of magnetic 

particles [16,17]. The model system is 

composed of magnetic rectangular strips 

(350 nm wide, 5000 nm long, and 30 nm 

thick), which were laid in a regular linear 

layout as is depicted in Figure 1. The 

distance between the magnetic strips was 

100 nm. The material of strips was 

permalloy Ni80Fe20 with saturation 

magnetization of 890 kA/m and exchange 

stiffness parameter of Considering the 

assumed use of the model as a 

combinational logic nano circuit, we paid 

special attention to the switching properties 

of the material. As we show below, based on 

the numerical simulations, the magnetic 

response of the chain of magnetic particles 

on the applied magnetic field strongly 

depended on the number of magnets 

(magnetic units) in the chain and was very 

irregular. We studied this irregularity with 

regard to using it in the binary encoding of 

an analogy signal. The simulations that are 

presented are part of the molecular design of 

actual nanoelectronics systems and seem to 

be crucial in this.  
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Figure 1. A schematic illustration of the model that was used to approximate the finite layout of 

the magnetic units. 

 

The general magnetic behaviour of 

the system presented in Figure 1 was 

analysed in detail in our previous work . The 

present paper is a continuation of our earlier 

investigations. Here, we exploit and present 

the applicative potential of the system in 

nanoelectronics. For this reason, we describe 

the system’s switching properties using 

various numbers of magnetic units in the 

layout and focus on the features that are 

important for the binary coding of an analog 

input signal (the magnetic field that is 

applied. A detailed description of the model 

and details of the simulations were described 

in our earlier article . In short, we assumed 

that a magnetic field is applied to the chains 

in the Y direction (parallel to the long axes 

of the magnetic units). To find the 

equilibrium configuration for each field 

value, we minimized the magnetic energy 

using MuMax software As far as the 

simulations are concerned, we focused on 

the following numbers of magnets: and 

infinite. The most promising ones were the 

numbers fewer than, while the higher 

numbers were treated as references for the 

discussion. Obviously, we also investigated 

other numbers of magnets in the layout. 

However, here, we present only the most 

interesting and most important cases. It is 

crucial to highlight that an even or odd 

number of magnets behaved differently 

when the number of magnets was close 

because of the different symmetry with 

regards to the central point. 

The model that is presented is the 

first approach to an actual device: the layout 

of permanent magnetic units fabricated at a 

nanometric scale. Such a system can 

theoretically be done using a few methods. 

The first and most obvious method is 

electrodeposition using a nanolithographic 

shutter [23,24,25,26]. Considering the 

current state of the technology, fabricating 

the geometry presented in Figure 1 does not 

seem to be a problem. When we consider 

smaller systems, however, another method 

should be used. In these cases, rather than a 

nanolithographic shutter, an ordered porous 

matrix that deposited on an electrode can be 

used during the electrodeposition. These 

methods result in systems of ordered 

cylinders rather than strips, but after cutting 

of the properly oriented thin strip using a 

focused ion beam (FIB), the final geometry 

would be similar to the one presented here. 

As a shutter, the porous anodic alumina 

matrix] can be used to fabricate various 

systems with strips ranging from 300 nm 

down to 10 nm wide. Even smaller units can 

be obtained by using inside ordered porous 

silica matrices [30], which can be prepared 
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in the form of vertically aligned systems of 

pores [31,32]. In this case, we can even go 

as low as 2 nm wide. 

It seems to be clear that the physical 

implementation of a system using magnetic 

strips is feasible. What is more, the 

geometry of these systems can be tuned. For 

this reason, simulations of the magnetic 

behavior of low-dimensional magnetic 

layouts seem to be justified for designing 

and fabricating the nanometric system that 

are to be used in nanoelectronics. 

Results and Discussion: 

The dependence of a magnet’s 

behavior on the number of magnets in the 

layout of a chain is presented in Figure 2. As 

a starting point, we assumed the 

antiferromagnetic (AF) arrangement of the 

magnets. However, after the magnetic field 

was saturated, the system’s configuration 

was ferromagnetic (FM) and this was the 

starting point for decreasing of the magnetic 

field. 

 

 

Figure showing Hysteresis loops for 

the system with the selected number of 

magnetic units that were used along with an 

enlarged view. The second part of the 

hysteresis loop (field from minimum to 

maximum) was omitted for the clarity of the 

picture. 

Looking at the plot (Figure 2, one 

can easily observe that the finitude of the 

number of magnets in the system strongly 

influenced the existence of the states that are 

intermediate between AF and FM, and FM 

and a reversed ferromagnetic (revFM) state. 

In this case, there are two distinguished 

magnets in the system that require attention: 

the first and the last magnets. What is more, 

the number of intermediate states and their 

configuration was strongly dependent on the 

number of magnets in the chain, the parity of 

the number of strips in the chain and the 

initial configuration of the system (AF or 

FM). This fact is extremely important for the 

practical application of an actual system as a 

combinatorial logic element. It can clearly 

be seen that the steps (intermediate states) 

become practically invisible for 200 
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magnetic strips in the chain. Such a chain 

behaves similar to an infinite chain. In the 

case of an infinite chain, in turn, the 

intermediate states do not exist. The reason 

for this is that none of the magnets is 

distinguished and the only possibility for 

reorienting the magnetic field is to flip all of 

the strips simultaneously. For this reason, 

only low-dimensional chains of magnetic 

strips can be considered as a part of the 

nanoelectronics systems for encoding, 

encryption and data compression. 

 

Conclusions: 

In this study we have presented a 

numerical model of a low-dimensional 

layout of magnets that can theoretically be 

used as a nanoelectronics device to encode 

an analog signal (magnetic) into a system of 

binary digits (digital output). The proposed 

device has a great applicative potential for 

encryption tasks or data compression. Our 

research showed that the number of magnets 

in the layout is crucial for the operation of 

the proposed device; a relatively small 

number of units–200–can approximate a 

continuous system, which is completely 

useful in the proposed application (however, 

some other application possibilities can also 

be found). The systems that contained up to 

16 magnets were the most promising. The 

layouts that contained various numbers of 

magnets behaved in different ways, which 

created numerous combinations of the 

output binary words in response to the 

analog magnetic signal. The number of 

possible output binary words can be 

increased even more by the additional 

parameter—the system’s initial magnetic 

configuration. All of this makes the model 

magnetic system very interesting as far as its 

potential application in nanoelectronics is 

concerned, especially as nanodevices for 

encryption and data compression or nano-

sensors of magnetic field. The next logical 

step of the research seems to be to attempt to 

synthesize an actual system and to determine 

whether the behaviour of such a physical 

layout is well represented by the simulations 

that are presented here, which is definitely 

worth doing.  
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