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Abstract

:

Cylindrical ferromagnetic nanowires are of particular interest in nanomaterials science due to various manufacturing methods and a wide range of applications in nanotechnology, with special attention given to those with diameters less than the single domain limit. In the current study, the simulations of magnetic properties of isolated iron nanowires with a diameter of 5 nm and various aspect ratios, as well as two types of arrays of such nanowires (with hexagonal and square arrangement), were performed using atomistic spin model. In the case of a single nanowire, change of coercive field for different applied field directions with aspect ratio was discussed. It was shown that the evolution of the magnetization reversal mechanism from coherent rotation to domain wall propagation appears with increasing length of single nanowire. For the arrays of cylindrical nanostructures, it was revealed that different number of nearest neighbors for each nanostructure in square and hexagonal arrays have an influence on their magnetostatic interactions, which are the most significant for shortest interwire distances. The corresponding spin configurations during the remagnetization process showed the appearance of intermediate magnetization states (when a part of wires is magnetized parallel and part antiparallel to the field direction), connected with Barkhausen effect, which influence the observed hysteresis curves.
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1. Introduction


The rapid development in nanotechnology allows for the fabrication of novel magnetic nanostructures with controlled structure, morphology (size and shape), and chemical composition. From the different geometries of such materials, very attractive seems to be cylindrical nanostructures (e.g., nanowires (NWs), nanopillars, nanotubes, or nanorods), which due to anisotropic morphology and reduced lateral sizes possess specific magnetic properties [1,2,3]. Of particular interest in terms of applications and magnetic properties are ferromagnetic cylindrical nanostructures with diameters in the order of or less than the border of a single domain [4]. The arrays of such structures have a wide application potential, from modern nanoelectronic devices as magnetic memory units, processing units in artificial intelligence systems (molecular neural networks), energy harvesting systems, optoelectronics, chemical and biological sensors [5,6,7,8,9,10,11] to different medical applications [12,13,14]. Further progress in the production of ferromagnetic nanowire arrays as well as their new applications are possible due to the continuous improvement of fabrication methods, which include template-assisted electrochemical deposition [11,15,16,17,18], lithographic techniques [19,20], and others [21], allowing for obtaining preferentially oriented arrays of nanowires with tunable size and interwire distance.



However, despite the significant number of experimental works devoted to study the magnetic properties of arrays of ferromagnetic cylindrical nanostructures, understanding the complex interactions and physical effects in such structures often requires the use of numerical simulations. Numerical methods allow to study the magnetic behavior of individual cylindrical nanowires of different geometry as well as the arrays of them and reveal their magnetic configuration, which is a non-trivial task from the experimental point of view. One of the most important issues in the magnetic behavior of arrays of ferromagnetic nanowires is the understanding the long-range dipolar interactions between such structures. As it has been shown, the dipolar coupling between neighboring wires can have a significant influence on their properties by reducing the coercive field in such assembly [22,23,24], changing the magnetic reversal modes (e.g., coherent rotation, curling) [25], or causing magnetic excitations that are strongly dependent on the demagnetizing field, and interfaces boundaries [26].



It should be noted that different systems of isolated nanowires or arranged in a matrix of cylindrical nanostructures with different ferromagnetic materials composition (Ni, Fe, Co, permalloy, etc.) were examined in previous theoretical investigations [27]. In most cases, various micromagnetic approaches, with the use of OOMMF [25,28,29], Mumax3 [30,31], NMAG [23,32,33], software packages or other theoretical methods [34,35,36,37] are commonly applied. The micromagnetic simulations, as well as analytical calculations, were shown to be very useful techniques for the investigation of single objects and arrays of cylindrical ferromagnetic nanostructures. However, in micromagnetic formalism, the magnetization of material (the atomic dipoles which make up the magnetic material) is approximated by a continuous vector field, whose norm is constant at each point and equal to the saturation magnetization [38], whereas in the current study, we applied the atomistic spin model approach for the investigation of magnetic properties of cylindrical nanostructures. It is based on the localization of unpaired electrons to atomic sites and gives the effective local atomistic magnetic moment [39]. The atomistic approach, in contrast to micromagnetic simulations, takes the detailed atomic structure of the material into account and makes it possible to reveal its impact on the macroscopic behavior of nanostructures. Such an approach is particularly important for few-nanometer-sized structures, where finite-size effects appear and long-range atomic ordering may be limited due to material sizes and surface topography [40]. Previous studies have shown that the atomistic spin model simulations are an essential tool for the investigation of the magnetization reversal modes in small-scale materials, such as few-nanometer sized FePt [41] and CoFeB/MgO nanodots [42,43]. Moreover, atomistic simulations could reveal important role of shape anisotropy or exchange interactions in the elongated structures with different shapes and aspect ratio [44,45].



Here, we present the investigation of magnetic properties of isolated iron cylindrical nanostructures with different aspect ratios, as well as two types of arrays of such nanostructures (with hexagonal and square arrangement) using the atomistic simulations. The study will be focused on the calculations of magnetization curves in different directions of the applied magnetic field with respect to the nanowire axis. In the case of a single nanowire, a wide range of aspect ratio changes was considered, and the mechanisms of magnetization reversal were discussed. The change of magnetization reversal mechanism from coherent rotation to two transverse domain walls formation was observed with increase of nanowire length. For the arrays of nanostructures, the changes in magnetization as a function of the applied field were investigated for different distances between objects. It was shown that different number of nearest neighbors for each nanostructure in square and hexagonal arrays influence their magnetization reversal process. The corresponding spin configurations during remagnetization process were also discussed.




2. Geometry of Materials and Calculation Methods


In the current study, the atomistic magnetic calculations are applied to three different iron-based structures: a single cylindrical nanostructure and two types of arrays of such nanostructures–hexagonal and square (Figure 1). In the case of a single nanostructure, a constant diameter value of d = 5 nm was assumed, and various values of aspect ratio   h / d   (where h is a nanowire length) were considered. The calculations were done for   h / d   ranging from the value below 1 to the values of   h / d   = 20, which corresponds to disklike geometry and elongated structures with a length of 100 nm, respectively. In the case of arrays of cylindrical nanostructures, a constant value of aspect ratio, equal to   h / d   = 4 was adopted. For both the hexagonal and square arrangements, the same number of nanostructures was assumed for the calculations, namely 16. The magnetic simulations for 4 by 4 arrays of cylindrical nanostructures will enable the reproduction of the magnetic interactions inside the matrix and comparison of the results with experimental data [46,47]. For such materials, the dependence of magnetization on the applied field was calculated for different values of interwire distance s (center-to-center distance between neighboring cylinders). This will provide an opportunity to analyze how magnetic interactions between nanostructures influence their magnetic behavior as a function of interwire distances.



All magnetic calculations in this study were performed with the VAMPIRE software (version 6.0) [39] using atomistic spin model simulations of magnetic nanostructures. To calculate the magnetization curves (magnetization dependence on the applied field), the atomistic Landau–Lifshitz–Gilbert (LLG) Equation (1) was solved using the Heun integration scheme [49], implemented in such software:


    ∂  S i    ∂ t   = −  γ  1 +  α 2      S i  ×  H  e f f  i  + α  S i  ×   S i  ×  H  e f f  i    .  



(1)







In the above equation,   S i   is a unit vector representing the direction of the magnetic spin moment of site i,  γ  is the gyromagnetic ratio,  α  is the Gilbert damping, which describes the relaxation of the atomic spins caused by electron-electron and electron-lattice interactions and   H  e f f  i   is the net effective field acting on the spin i. The atomistic LLG equation takes into account the interaction of an atomic spin moment i with an effective magnetic field (   H  e f f  i  = −  1  μ S     ∂ H   ∂  S i     , where   μ S   is the local spin moment, and  H  is the complete spin Hamiltonian of the system) [39]. The Hamiltonian in this case includes the terms of the exchange interaction, magnetic anisotropy, external magnetic field, and dipole field interactions in the following form:


  H = −  ∑  i ≠ j    J  i j    S i  ·  S j  −   k c  2   ∑ i    S x 4  +  S y 4  +  S z 4   −  ∑ i   μ s   S i  ·  H  a p p   +  H  d e m a g   .  



(2)







In the Equation (2),   J  i j    is the Heisenberg exchange interaction between neighboring spins i and j,   S i   is the normalized vector    |   S i   | = 1   ,   k c   is the local cubic anisotropy constant,   S x 4  ,   S y 4  ,   S z 4   are the x, y, and z components of the spin moment, respectively,   H  a p p    is the external applied field vector and term   H  d e m a g    describes the magnetostatic contribution and has a form   − 1 / 2  ∑ p   m p  m c   ·  H  d e m a g  p   , where   H  d e m a g  p   is demagnetization field. Note that the demagnetization field is included in the simulations by the macrocell method, which is based on micromagnetic discretization of the system into macrocells [39,42]. Each macrocell in this case has a total magnetic moment   m p  m c    calculated from the vector sum of the atomic moments within each cell. The macrocell size of two unit cells was used for simulated structures.



For the calculations, the bcc iron structures in form of isolated objects with cylindrical geometry or their arrays were generated with the following atomistic parameters: unit cell size of 2.866 Å, atomistic spin moment   μ S   = 2.22   μ B  , exchange energy (between nearest neighbours atomic sites i and j)   J  i j    = 7.05 × 10−21 J/link and magnetocrystalline anisotropy energy   k u  =5.65 × 10−25 J/atom. Note that for all calculations, the critical value of the Gilbert damping parameter equal to 1.0 was taken, which aims to reproduce results close to quasistatic hysteresis. Based on the LLG-Heun integration scheme, the 20,000 equilibration steps followed by 300,000 averaging steps with the computational time step   Δ t   = 2.0 fs were used in calculations. In the simulation of   M ( H )   hysteresis loops, the magnetic field changed from −20 kOe to 20 kOe with the field increment of 100 Oe. The calculations of hysteresis loops were made assuming a temperature of 0 K to exclude thermal factors.




3. Results of Calculations


3.1. Isolated Cylindrical Nanostructures


In the first stage of the investigations, calculations of the magnetization dependence on the applied field were performed for isolated iron cylindrical nanostructures with a constant diameter of 5 nm and varied length. The chosen value of diameter implies the uniform (coherent) spin reversal mechanism because the transition from coherent to incoherent rotation occurs at the coherence diameter, which for iron nanostructures is equal to   d  c o h   ≈ 12 nm [50,51].



In the single crystalline cylindrical nanostructures, the effective magnetic anisotropy energy is the combination of the shape anisotropy and the magnetocrystalline anisotropy energy. In Fe nanostructures, the magnetic properties are mostly determined by the shape anisotropy, which dominates over the magnetocrystalline anisotropy and therefore they should strongly depend on the aspect ratio value [52]. The shape anisotropy of a single wire with a high aspect ratio leads to the existence of two stable orientations of the magnetic moment (parallel and antiparallel to the wire axis). However, the situation may be different in the case of cylindrical nanostructures with diameters comparable to or even smaller than their length. We will consider the magnetization curves for a magnetic field applied parallel (out-of-plane) and perpendicular (in-plane) to the axis of nanostructures (h parameter) for a wide range of aspect ratio changes, starting from values below 1. As we can see in Figure 2a for the value of   h / d   = 0.6 corresponding to a disk-like shape object, the hysteresis loop is much wider for the in-plane applied field, which suggests that the easy axis of magnetization is in the plane of the disks. Such a disk-shaped ferromagnetic structure can be considered as an oblate spheroid and the demagnetization factor for considered aspect ratio can be calculated as shown in Ref. [53]. Taking this into account, for the field applied parallel to the axis of nanostructures (h parameter) the demagnetization factor N along this direction dominates (N = 0.47), which results in a significant decrease in coercivity. On the other side, if the field is applied perpendicular to the axis of such nanostructures, the demagnetization factor is much smaller (N = 0.26) and obtained coercivity is higher. Experimental works on disk-shaped magnetic structures separated by a non-magnetic spacer in multilayered nanowires showed that the dominant anisotropy with the easy axis along nanowires appears for a value of aspect ratio of 0.4 or even lower [54,55]. Such an anisotropy observed for the segments of the disklike shape can be related to the dipole interactions between magnetic parts in the horizontal direction, which could stabilize the anisotropy along nanowires [24].



For the case of aspect ratio equal to 1 (Figure 2b), an almost isotropic magnetic behavior is observed for the parallel and perpendicular directions of the applied field, which is in agreement with experimental observations [25,56]. As we can see from Figure 3, the demagnetization factors value for cylindrical structures [53] with such aspect ratio are unified around the value of 0.33 for both directions. A slight tendency to anisotropy with an easy axis along the main axis can be explained by the cylindrical shape of the object (ideal isotropic magnetic behavior can only be obtained for perfectly isotropic shapes such as spheres or cubes, as shown in the inset of Figure 2b). Additionally, theoretically predicted for a single magnetic cylinder value of the aspect ratio at which the transition between isotropic and anisotropic behavior appears is 0.906 [57]. For the higher values of aspect ratio, the well pronounced anisotropy with an easy axis along nanowires is observed (Figure 2c–f). The coercivity measured at the field applied along the nanowires axis increase rapidly to the aspect ratio value of approximately 4, and then begins to saturate (Figure 3). Such observation is in agreement with experimental data for iron nanowires [50,58] as well as for Co nanowires [59]. The demagnetization factor for parallel orientation decreases with increasing aspect ratio, and for higher values of   h / d  , it approaches a value close to 0, which results in high anisotropy and coercivity.



In the case of a magnetic field applied perpendicular to the main axis of the cylindrical nanostructures, the magnetic curves do not show visible hysteresis starting from the value of   h / d   = 2 and coercive field values become almost independent of the object length. The demagnetization factor for this orientation, as opposed to parallel orientation, increases with an aspect ratio (reaching a value of 0.5, as it follows from the relation    N  d ‖   + 2  N  d ⊥   = 1  ), causing faster demagnetization of the nanostructures and a significant reduction of the coercive field. The coercive field values, obtained from atomistic simulations and demagnetization factors, calculated for corresponding aspect ratios [53] are summarized in Table 1.



Another important issue is the investigation of magnetic reversal mechanisms in such nanostructures. According to the literature, for a single cylindric nanostructure, depending on its geometry, several types of reversal modes are considered: coherent rotation, curling reversal (also called propagation of vortex domain walls), propagation of transverse domain walls, and others [25,60]. As mentioned before, for the considered diameter of cylinders smaller than the critical value (  d  c o h   ), it is predicted that the magnetization reversal occurs through coherent rotation. However, the reversal mechanism also depends on the length of the NW and for higher values of h, a change in the reversal mode can be expected [25]. In order to analyze the magnetic reversal mechanism in the studied structures, the spin configuration for each value of the applied field was calculated using VAMPIRE software [39]. It should be mentioned that, unlike micromagnetic calculations, an atomistic model simulates the magnetization direction of each individual atom in a structure and reveals important features of magnetization states in single- or multidomain magnetic materials [61].



Figure 4 shows the spin configuration of individual cylindrical nanostructures with two exemplary aspect ratio values (  h / d   = 5 and 10) for the external magnetic field applied parallel to the cylinder axis. For both cases, the 3D and cross-sectional representations of snapshots of the atomic spin configuration during magnetization reversal from two stable states (with parallel and antiparallel orientation of magnetic moments to the wire axis) are shown. For the smaller aspect ratios (  h / d <   10), the reversal occurs through the coherent rotation, while for   h / d ≥   10, the reversal mechanism occurs through the formation and propagation of two transverse domain walls (the magnetic reversal starts at the edges of the cylinder followed by the propagation of the two domain walls towards the center). A similar magnetic reversal mechanism has been observed for various ferromagnetic cylindrical nanostructures [25,62,63]. Note that the appearance of curling reversal mode requires a larger value of diameter; therefore, in our case, it is not observed [60].



As discussed earlier, for the parallel orientation of the magnetic field, the coercivity first increases sharply with the aspect ratio and then tends to saturate for the higher values of   h / d  . When the length of an object is comparable to its diameter, the shape anisotropy disappears in favor of the magnetocrystalline anisotropy. In the case of the Fe bcc structure and the assumed (100) orientation, the magnetocrystalline anisotropy did not distinguish between parallel and perpendicular orientations (easy axis of bcc Fe is <100>), which results in a decrease in coercivity and their similar values for both orientations. Shape anisotropy dominates for disklike structures (  h / d <  1) and for elongated objects (  h / d >  1). For the latter range, it grows with the aspect ratio to   h / d   = 10, after which it remains almost constant [64]. For   h / d <  1, the shape anisotropy is responsible for in-plane orientation of the easy-plane, while for an aspect ratio in the range 1  < h / d <  10, it causes an increase of the coercivity with increasing   h / d  ; then, its stabilization for   h / d   is larger than 10. Moreover, the shape anisotropy tends to minimize the demagnetizing field, and for the higher lengths (  h / d ≥  10), the reduction of demagnetizing field is connected with the formation of a domain structure; thus, the reversal mechanism occurs through the domain wall propagation.




3.2. Arrays of Cylindrical Nanostructures


In the next step of the investigations, calculations of the magnetic properties of the arrays of cylindrical nanostructures were done. We consider here two types of arrays, square and hexagonal, consisting of 16 Fe cylindrical nanostructures (see Figure 1b,c). As atomistic calculations are computationally expensive and time consuming, we chose the value of the aspect ratio for nanostructures in arrays equal to 4 (each cylinder has a diameter of 5 nm and length of 20 nm). Our calculations showed (Figure 3) that starting from this value of aspect ratio the coercivity begins to saturate and the shape anisotropy determines an easy axis of magnetization along the axis of nanowires. The performed calculations will reveal the magnetic interactions between cylindrical nanostructures, which should reflect the real Fe nanowire matrix and show how changes in the distance between such nanostructures (s) affect their magnetic properties. We should note that, as shown in the previous chapter, the reversal mechanism for the isolated nanostructure with this aspect ratio is via coherent rotation.



Figure 5a and Figure 6a represent magnetization curves for the hexagonal and square arrays of Fe cylindrical nanostructures for the different values of the center-to-center distance (s) between them. The only parameter differentiating these curves are dipolar interactions, which reduce the coercivity value. As could be expected, the smallest coercivity was obtained for nanostructures with the shortest distance, which indicates the highest interactions between them. Intuitively, the interactions between wires decreased with increasing distance (s) and the corresponding curve approaches the hysteresis curve for an isolated cylinder. The described behavior was observed in both nanostructures systems. The dependence of the coercive field on the distance s is shown in Figure 7. In addition, the magnetostatic energy of the cylindrical nanostructures array based on the dipole field calculations implemented in VAMPIRE software [39] was obtained after applying saturating field along the long cylinder axis (the inset of Figure 7). The observed decrease in interaction energy with s is correlated with the increase in coercivity for both types of arrays, which indicates the great importance of interaction between cylindrical nanostructures in determining their magnetic properties. This observation is in agreement with previous micromagnetic and atomistic studies of arrays of cylindrical nanostructures, which showed that for a large interwire distance, the coercivity of the nanowire array is close to the coercive field of a single object [23,29,37,65]. It means that at large interwire distances, the dipolar interactions lose their importance and the magnetic behavior is determined by the effective magnetic anisotropy. The decrease in coercivity with the increase in dipolar interactions was also theoretically confirmed for Ni nanowires using the scaling technique combined with Monte Carlo simulations [66]. A similar effect was observed experimentally for densely packed arrays of Ni nanowires [67,68], where the coercive field decreases with an increase in the ratio of diameter to interwire distance as well as for Co [69] and Fe nanowires arrays [32].



As described in the literature, in an isolated nanowire, the shape anisotropy tends to arrange the magnetization vector parallel to the wire axis. In the case of an array of nanowires, the dipolar field, which can switch the easy axis from parallel to perpendicular direction to the wire axis, especially for small interwire distances, should be taken into account [70]. Moreover, the collective demagnetization modes, which leads to a further reduction of the switching field should also be considered [68].



Another interesting point in the magnetic behavior of nanostructure arrays is connected with the appearance of steps on the hysteresis curve, related to the Barkhausen effect [71]. Such behavior is explained by the finite size of the arrays limited to a few nanowires, for which the remagnetization process of the entire system is done by reversal of each individual wire in the array [23,28,29]. Similar behavior is also observed in our case for the arrays consisting of 16 cylindrical nanostructures, for both types of arrangement (Figure 5a and Figure 6a). As can be seen, the steps with well-visible plateaux in the hysteresis curve are observed for the smallest distance between objects, while with increasing distance between the cylinders they become less distinct. The increase in the interaction between cylindrical nanoobjects with the decrease in the distance s results in less squared and more oblique-shaped hysteresis. The same effect was observed experimentally for the arrays consisting of several wires (over a micrometer range of diameters) [22,71]. However, for large nanowire arrays, which are typical systems in experimental measurements, hysteresis curves have no visible steps and become less squared as the packing factor increases [32,68,69].



In order to better understand the origin of step-like behavior observed for the arrays of nanostructures, an analysis of the magnetization reversal mechanism and spin orientations process was performed at each step of the field change. Let us look at the spin configurations for the case of the hexagonal array with s = 8 nm (Figure 5b), for which, as mentioned above, the steps are the most pronounced.



The remagnetization process starts with configuration A in Figure 5b, when all the spins in the cylinders are aligned in the same direction (the system is saturated along the Oz direction). The magnetization switching of the whole array takes place in several stages, each connected with the magnetization reversal of one or a few nanowires along the -Oz direction. The reorientation of spins starts from the cylinders which are placed inside the array and have the highest number of nearest neighbors. This is due to the stronger impact of the demagnetizing field of the neighboring nanostructures on them. This stage is assigned to configuration B and is preceded by a sharp drop in magnetization observed in the   M ( H )   curve. The following magnetization state with the plateau region is observed when the same number of cylinders are magnetized parallel to the field and opposite to it (see spin configuration C in Figure 5b). A state in which exactly half of the nanostructures have magnetic moments in the same direction as the applied field and half of them in the opposite direction is favorable since the magnetostatic energy is minimized in this case. As the field continues to increase, the rotation of the spins in the remaining cylinders starts to reorient in direction of the applied field and the magnetization curve goes through a few more steps (configurations from D to F) until the system is saturated along the -Oz direction (configuration G). A similar scenario of magnetization switching is observed for the arrays with larger distances between cylindrical nanostructures, however, due to the smaller interaction between objects, the Barkhausen steps on the corresponding   M ( H )   curves are less pronounced.



In the case of square arrays of cylindrical nanostructures (Figure 6b), the remagnetization process starts from the saturation of all cylinders in the Oz direction (see configuration A), similarly, as for hexagonal matrices. And as with the hexagonal system, the spin reorientation begins from the cylinders that have the greatest number of nearest neighbors (configuration B). The plateau on the   M ( H )   curve is observed at the same magnetization value as in the case of hexagonal array. A further increase in the field value causes a gradual remagnetization of the remaining cylinders, placed at the edges of the array. Finally, the system goes to the spin configuration F, with all the nanostructures saturated along -Oz direction. A similar remagnetization scenario is observed for the cylinders with larger distances (s) in square systems. It should be noted that the slight difference in the magnetization reversal process for the two types of arrays can be explained by the different strengths of interactions between nanostructures. Due to the close packing of nanostructures in a hexagonal array, the interactions of an individual cylinder with others in such an array are more significant. One of the main factors, which affect remagnetization behavior is the number of nearest neighbors surrounding the nanowire [28]. In the case of square array the particular cylinder has smaller number of adjacent objects, however, there are also next nearest neighbors. As a result, the farther away the cylinders are placed from each other, the higher the applied field values are needed to reorient their magnetization. Therefore, different magnetic behavior could be observed for the square and hexagonal arrays of cylindrical nanostructures.



As we have noted, a frozen magnetization states appear when a part of nanostructures is magnetized parallel and part—antiparallel to the field direction. In this case, the dipolar field created by the switched nanostructures hinders the switching of the remaining nanostructures and such a state can be held for a certain range of field changes. The existence of such a states was observed experimentally by magnetic force microscopy in the study of Ni nanopillar arrays [68,72]. It has been shown that when the adjacent objects have antiparallel magnetization directions, the magnetostatic energy of the sample is minimized. Thus, such an intermediated state can be held for a wide range of changes in the magnetic field, which is in accordance with performed calculations. Also, the studies of iron nanowire arrays using first-order reversal curves analysis have demonstrated that a similar inhomogeneous state arises in the arrays during the remagnetization process when some nanowires are magnetized antiparallel to each other [33].



An interesting observation can be made by quantitative analysis of the remagnetization process for certain distances between cylindrical nanostructures in hexagonal and square arrays. As shown in Figure 7, the difference in coercivity in hexagonal and square arrays is the most significant for cylindrical nanostructures with the shortest nanowire distances (with s = 8 nm), when the interaction energy between neighboring objects is the highest (see inset of Figure 7), while it becomes negligible for larger distances between them, as the interactions between nanostructures weaken. This indicates that the total interaction energy between nanostructures is greater in the case of the hexagonal array compared to the square system. Such an observation can be explained by a different number of the neighboring structures in both types of arrays (Figure 1): in a square array the central object has four nearest neighbors at a distance s and four next nearest neighbors at a distance    2  s  , while in a hexagonal array, all six nearest neighboring wires are at a distance s. In this case, especially for small values of s, interactions with more distant neighbors must be taken into account in addition to the interactions between the nearest neighbors [73]. Furthermore, the areal filling fraction of arrays is different for square and hexagonal systems. As shown, the corresponding value is almost 15% higher in the case of a hexagonal array [74], which means the greater packing of nanowires and, consequently, stronger interactions between them. It can also be seen that magnetostatic energy between cylinders in the hexagonal array is notably higher for smaller distances s in comparison to the square array, which is in accordance with the higher packing of nanoobjects in the hexagonal array.



It should be noted that the calculated values of the coercive field for the arrays of cylindrical iron nanostructures correspond to the zero temperature limit. Based on the applied atomistic model, thermal effects can be included in the simulations by using Langevin dynamics and introducing the effective thermal field into the LLG equation [39]. As was shown in previous theoretical research for similar nanostructures [44,75], the reduction of the coercive field is observed with the increase of temperature as a result of increasing oscillations of spins in the material caused by the thermal field. We can expect the same effect in the investigated samples, however, such a study goes beyond the conducted research.



Therefore, as we have shown, the applied atomistic simulations can be an effective tool for characterizing the magnetic properties and magnetization switching processes of isolated magnetic cylindrical nanostructures and their arrays. Additionally, the higher number of nanowires in the array could be considered (or periodic boundary conditions applied) to obtain the better correlation with the experimental data, where usually the infinite number of nanowires is investigated. In this case, a much greater influence of the dipolar field on the shape of the hysteresis loop should be visible [23]. Let us note, that performed calculations for the systems of very small (d = 5 nm) iron nanostructures can be of great interest also from an experimental point of view. The significant number of publications shows the possibility of implementing ferromagnetic nanowires for nanotechnological applications (e.g., magnetic memory units, sensors, etc.) and the tendency for miniaturization of such devices grows yearly. The synthesis process of considered arrays of nanowires with a diameter of about 5 nm could be done e.g., using the SBA-15 or MCM-41 mesoporous silica matrices or anodic-aluminum oxide/mesoporous-silica composites as a template [76,77]. Such materials possess highly ordered hexagonally arranged pores of a few nanometer diameters and have a possibility of tuning structural parameters [6], which allows to use it as a host matrix for fabricating magnetic nanowires able to show new interesting magnetic properties and quantum size effects.





4. Conclusions


The magnetic behavior of iron cylindrical nanostructures was analyzed by using atomistic spin model calculations. As was shown, for the isolated nanostructures with a diameter of 5 nm, the coercive field strongly depends on the aspect ratio value and applied field direction. For the case of disclike   h / d <  1 and elongated   h / d >  1 objects, the shape anisotropy determines the easy axis of magnetization, and magnetic behavior can be correlated with the change of demagnetization factors for corresponding geometry. The analysis of spin reversal mechanisms revealed the existence of two different modes depending on the length of the nanowire: coherent rotation for   h / d <  10 and transverse domain wall propagation for   h / d ≥  10. The studies of the magnetic behavior of arrays of cylindrical nanostructures with   h / d   = 4 have shown that total interaction energy between objects is greater in the case of a hexagonal arrangement than for a square system, which is explained by a different number of neighboring wires in both types of arrays. With a decrease in the interwire distance, the less squared shape of the   M ( H )   curves was observed with multiple Barkhausen steps. The detailed analysis of spin configurations during the remagnetization process has shown the formation of intermediate magnetization states with antiparallel magnetization orientation of some of the neighboring nanostructures in arrays during the remagnetization process, which correspond to the observed steps on the   M ( H )   curves. The obtained results may be useful for a better understanding of the experimentally observed behavior of iron nanowires arrays and further theoretical investigations of similar magnetic nanostructures.
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Figure 1. Graphical visualization of the investigated structures used in the calculations: (a) single cylindrical nanostructure (the magnification shows packing arrangement of atoms in considered bcc iron structure), (b) hexagonal arrangement of nanostructures and (c) square arrangement of nanostructures. The wire axis for all structures is along   O z   direction. The notation means as follows: d is the diameter of nanowires, h is the length of nanowires and s is center-to-center distance between neighboring nanowires. All structures were rendered using VESTA software [48]. 
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Figure 2. Calculated hysteresis loops of the isolated iron cylindrical nanostructures with a magnetic field applied parallel (pink) and perpendicular (dark blue) to the direction determined by the axis of the nanoobjects (h parameter). The following values of aspect ratio   h / d   were adopted: 0.6 (a), 1 (b) (inset:   M ( H )   loops for Fe nanostructure with a cube shape), 2 (c), 4 (d), 10 (e) and 20 (f). 
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Figure 3. Coercive field for cylindrical nanostructures for the parallel and perpendicular orientation of the magnetic field as a function of the aspect ratio (inset: dependence of demagnetization factor values on the aspect ratio). 
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Figure 4. Snapshots of the spin configurations of a single cylindrical nanostructure with the aspect ratio   h / d   = 5 (a) and   h / d   = 10 (b) for a magnetic field applied in a parallel direction to the object axis, showing two different spin reversal modes, characteristic of   h / d <  10 and   h / d ≥  10. The color changes with the projection of the spin along the direction of the external field. The boundary cases correspond to pure red and pure blue colors for the spins aligned along the nanostructures axis, in up and down directions, while white colors mean spins aligned perpendicular to the axis of cylindrical nanostructures. 
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Figure 5. Hysteresis curves for hexagonal arrays of Fe cylindrical nanostructures with the aspect ratio   h / d   = 4, calculated for different distances between them (a). For comparison, a hysteresis loop was added for an isolated cylindrical nanostructure with the same aspect ratio. A cross-section through the top of the cylindrical nanostructures in hexagonal array (  h / d = 4  ) with distance s = 8 nm, showing the corresponding spin configurations during the remagnetization process (b). The configurations A and G correspond to saturation along Oz (red color) and -Oz (blue color) field direction, respectively, while configurations from B to F correspond to the intermediate magnetization states (see the text). All configurations are indicated on the corresponding   M ( H )   curve. 
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Figure 6. Hysteresis curves for square arrays of Fe cylindrical nanostructures with the aspect ratio   h / d   = 4, calculated for different distances between them (a) and a cross-section through the top of the cylindrical nanostructures in square array (  h / d = 4  ) with distance s = 8 nm, showing the corresponding spin configurations during the remagnetization process (b). The configurations A and F correspond to saturation along Oz (red color) and -Oz (blue color) field direction, respectively, while configurations from B to E correspond to the intermediate magnetization states (see the text). All configurations are indicated on the corresponding   M ( H )   curve. 
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Figure 7. The dependence of coercive field for square and hexagonal arrays of Fe cylindrical nanostructures on the distance between them. The dash horizontal line represents the coercive field value for an isolated cylinder. The inset shows the dependence of magnetostatic interaction energy on the distance between nanostructures in square and hexagonal arrays. 
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Table 1. The values of coercive field and demagnetization coefficients (for the magnetic field applied parallel and perpendicular to the main axis of nanoobjects) for cylindrical nanostructures as a function of aspect ratio.
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	h (nm)
	Aspect Ratio
	Number of Atoms
	   H  c ‖     kOe
	    N  d ‖     
	   H  c ⊥     kOe
	    N  d ⊥     





	3
	0.6
	5050
	0.044
	—
	0.496
	—



	5
	1
	8417
	1.041
	0.33068
	0.3667
	0.33466



	10
	2
	16853
	5.245
	0.17356
	0.00486
	0.41322



	15
	3
	24831
	6.843
	0.10871
	0.00419
	0.44565



	20
	4
	33110
	7.646
	0.07541
	0.00391
	0.46230



	25
	5
	42087
	8.053
	0.05582
	0.00364
	0.47209



	50
	10
	83934
	8.749
	0.02029
	0.00302
	0.48986



	75
	15
	123926
	8.826
	0.01075
	0.00263
	0.49463



	100
	20
	167879
	8.844
	0.00675
	0.00227
	0.49663
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