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In magnetic multilayers with perpendicular anisotropy, the competition of short-range and long-range interactions gives rise to the stability of cylindrical magnetic domains, also known as magnetic bubbles. The presence of Dzyaloshinsky-Moriya interaction induced by asymmetric interfaces between magnetic and nonmagnetic layers may lead to the formation of cylindrical bubble domains with Neel-type domain walls across the whole thickness of the multilayer. Such domain walls produce no contrast in Lorentz TEM under the normal incidence of the electron beam to the film. The latter is often used as an argument for the presence of Dzyaloshinskii-Moriya interaction in the system. Here we show that in magnetic multilayers, the absence of the Lorentz TEM contrast might also have another origin. In particular, in the absence of interfacial Dzyaloshinskii-Moriya interaction and weak interlayer exchange coupling, the magnetic bubbles might have Bloch-type domain walls of alternate chirality in adjacent layers. Such domain walls also do not produce magnetic contrast in Lorentz TEM at normal incidence of the electron beam. We show that, in the absence of interlayer exchange coupling, the magnetic bubble domains with the domain walls of fixed and alternate chirality have nearly identical energies and can coexist in the same range of magnetic fields. Using the geodesic nudged elastic band method, we prove that these states are separated by finite energy barriers. Furthermore, we demonstrate that magnetic multilayers with only dipolar coupling, besides the magnetic bubbles with nontrivial topology in all layers, can accommodate solutions with trivial topology within the internal layers.
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1 INTRODUCTION
Topological solitons are localized in space, finite energy field configurations that can be attributed to a certain homotopy class [1]. Topological magnetic solitons are such configurations of magnetization field, which are usually stabilized by the competition between short-range interactions. For instance, chiral magnetic skyrmions are the solitons stabilized by the competition of Heisenberg exchange, Dzyaloshinskii-Moria interaction (DMI) [2]; [3] and potential energy term composed of, e.g., Zeeman energy term or magnetocrystalline anisotropy [4]; [5]; [6]. Another example is magnetic hopfions in frustrated magnets which are stabilized by the competition of Heisenberg exchange interactions at different distances [7]; [8]; [9]. Magnetic bubbles are a distinct type of topological magnetic solitons that are stabilized by the long-range dipole-dipole interaction. In particular, in thin films, the stabilization of magnetic bubbles is determined by the competition between demagnetizing fields, uniaxial magnetocrystalline anisotropy, external magnetic field, and exchange interaction [10]; [11]. Magnetic bubbles were experimentally discovered already in the late 1950s in the films of orthoferrites, MFeO3, where M is a rare Earth metal. In 1960, Kooy and Enz provided comprehensive studies and the first theoretical descriptions of magnetic domains in terms of the micromagnetic model [12]. In 1967, Bobeck highlighted the potential of using magnetic bubbles for various applications, including memory devices [13]. The first commercial product incorporating bubble domain memory chips was released in 1977. For a decade, bubble domain memory occupied its niche on the market. In particular, bubble domain memory was widely used in systems operating in harsh environments, such as those with high vibration. In the late 1980s, however, significant advances in hard disk drive technology and semiconductor chips pushed bubble memory out of the market.
Recently, the interest in nonvolatile memory devices based on magnetic solitons, such as magnetic bubbles, skyrmions, and hopfions, has been renewed [14]; [15]. Perpendicular anisotropy multilayers composed of magnetic materials (e.g., Co, Ni, Fe, or Gd) and nonmagnetic materials (e.g., Pt, Pd, MgO, Ru, Ir) are the most promising and most common systems for studying magnetic bubbles nowadays [16]; [17]; [18]; [19]; [20]; [21]; [22]; [23]. Such multilayers are typically fabricated using magnetron sputter deposition or molecular beam epitaxy. The individual layers typically have a thickness of about 1 nm, and the number of layers can vary widely depending on the purpose of the study.
Magnetic force microscopy (MFM) and Lorentz transmission electron microscopy (LTEM) are two commonly used and complementary techniques for observing magnetic bubbles in multilayers. MFM primarily provides information about the out-of-plane component of the induction field at a certain distance above the sample. On the other hand, LTEM offers insight into the in-plane component of the induction field averaged over the entire thickness of the sample. LTEM is particularly useful for detecting magnetic bubbles with Neel-type domain walls in magnetic multilayers that exhibit DMI induced by broken inversion symmetry at the interfaces between magnetic and nonmagnetic layers [24]. In the literature, these magnetic bubbles are often referred to as bubble skyrmions, or skyrmion bubbles [25]. When the electron beam is incident perpendicular to the film plane, bubble skyrmions do not produce any contrast in LTEM. They become visible only when the sample is tilted relative to the electron beam [26]; [27]; [28]; [29]; [30]. This distinct behavior of LTEM contrast often serves as a criterion for identifying the presence of bubble skyrmions since ordinary bubble domains with Bloch-type domain walls produce contrast at any tilt angle [11]. Here we show that the Neel-type domain walls are not the only explanation for this behavior in LTEM. Specifically, we examine a model of magnetic multilayers lacking interfacial DMI (iDMI), where the interaction between individual magnetic layers occurs through interlayer exchange coupling (IEC) and demagnetizing fields. More precisely, we investigate three scenarios of IEC: ferromagnetic [image: image], antiferromagnetic [image: image], and zero coupling [image: image], with a particular emphasis on the latter. Our results demonstrate that the domain walls of magnetic bubbles in such systems can have different profiles. One possible configuration represents domain walls with alternating chirality in adjacent layers. We show that similar to bubble-skyrmions, such magnetic bubbles do not provide contrast in LTEM at normal electron beam incidence and become visible only at the tilt of the sample. Interestingly, in the case of no IEC [image: image], magnetic bubbles with alternate and fixed chirality in the domain wall are nearly degenerate in energy. This means that bubbles with different structures of the domain walls can coexist under the same conditions. The effect discussed here not only suggests an alternative origin of the LTEM contrast in some multilayer systems but also provides a new concept for data encoding.
2 MODEL
We consider a micromagnetic model of the magnetic multilayer with the following Hamiltonian:
[image: image]
where mi (x, y) represents the local magnetization unit vector field in the ith magnetic layer, Ms is the saturation magnetization, [image: image] is the Heisenberg exchange constant, [image: image] corresponds to the uniaxial anisotropy constant, [image: image] represents the constant of iDMI, [image: image] denotes the interlayer exchange coupling (IEC) between adjacent magnetic layers of thickness t, and μ0 is the vacuum permeability. The IEC term in (1) up to a constant is defined as in Ref; [31], where i is the index of the magnetic layer, while mi and mi+1 represent the magnetization in the interacting layers, see Figure 1B. Ferromagnetic (FM) coupling corresponds to [image: image] while antiferromagnetic (AF) coupling corresponds to [image: image]. To implement this interaction in Mumax [32], we used the built-in option for the custom effective field. For details of implementation, see the Mumax script in Supplemental Materials. The magnetic field B(r) in (1) represents the sum of a homogeneous external magnetic field Bext and the demagnetizing field produced by the sample itself, B = Bext + ∇ × A, where A(r) is the magnetic vector potential due to the presence of the magnetization field M(r) = Msm. We use periodical boundary conditions in xy-plane assuming an infinitely wide plate. For definiteness, everywhere below, we use the following material parameters: Ms = 1.1 MA/m, [image: image] MJ/m3 which corresponds to a quality factor, [image: image] [31]. We also fix the Heisenberg exchange constant [image: image] pJ/m, except when it is explicitly specified.
[image: Figure 1]FIGURE 1 | (A) Stable configuration of magnetic bubble domain in multilayer obtained in the micromagnetic simulations. Only magnetic layers are shown. One-quarter of the domain is hidden to show the magnetization in the inner part of the simulated domain. (B) Schematic illustration of the finite difference mesh of cuboids with identical size. The magnetic layers are separated by the two layers of nonmagnetic material and, besides dipole-dipole interaction, are coupled by interlayer exchange coupling (IEC) implemented in the mumax script by means of the effective custom field. (C) The standard color code for magnetization: white and black colors correspond to magnetization parallel and antiparallel to the z-axis, and red-green-blue colors correspond to the xy-component of magnetization.
The main results presented in this work were obtained by direct energy minimization performed in Mumax [32] code and Excalibur code [33] for crosschecking. We utilized the Excalibur code to carry out energy minimization of the Hamiltonian (1) in the Coulomb gauge [34]. On the other hand, the Mumax code formulates the magnetostatic problem without employing the magnetic vector potential following different approach [31]. Nevertheless, it yields results remarkably similar to those obtained from the Excalibur code. In particular, in the case of periodic boundary conditions, increasing the number of periodic images (copies) of the simulated domain improves the agreement with the Excalibur code. The LTEM images of corresponding magnetic textures were calculated with the Excalibur code.
A representative example of a magnetic bubble in a multilayer composed of twenty magnetic layers is shown in Figure 1A. The standard color code used to represent the magnetization vector directions is explained in Figure 1C. Here we set weak ferromagnetic interlayer exchange coupling, [image: image] mJ/m2, without iDMI, [image: image]. In all calculations presented below, we used the mesh of 128 × 128 cuboids in xy-plane with the size of 1 nm in all directions. The mesh size along the z-axis depends on the thickness of the multilayer.
Figure 1B illustrates the finite difference scheme employed in our calculations. In this scheme, each magnetic layer is represented by a single layer of cuboids, while the nonmagnetic layers consist of two cuboids. Thereby, the ratio of magnetic to nonmagnetic layer thickness is 0.5. The choice of this geometry is motivated by the previous studies on magnetic multilayers with asymmetric interfaces, where the magnetic layers are typically thinner than nonmagnetic layers. For instance, Moreau-Luchaire et al. [24] investigated [Ir (1 nm)/Co(0.6 nm)/Pt (1 nm)]10 multilayers, where the magnetic to nonmagnetic layer thickness ratio was 0.3. In another system studied by Soumyanarayanan et al. [35], [Ir (1 nm)/Fe (t1)/Co(t2)/Pt (1 nm)]N, the ratio varied between 0.2 and 0.6, with t1 ∈ [0 nm, 0.6 nm] and t2 ∈ [0.4 nm, 0.6 nm]. In Ref. [27], the authors studied [Pt (3 nm)/Co(x nm)/Ta (2 nm)]11 multilayer with x = 2.05, 2.1, and 2.15, where the ratio of magnetic to nonmagnetic layer thickness varied between 0.41 and 0.43. Since micromagnetic calculations are performed on a regular grid, we set the magnetic to nonmagnetic layer thickness ratio to 1/2 in our simulation. It is worth noting that a specific layer thickness ratio does not significantly impact the results presented below if the thickness of the nonmagnetic layers remains finite.
3 RESULTS
Figure 2 shows four distinct magnetic bubbles that are stabilized in a multilayer consisting of 20 magnetic layers. These magnetic bubbles exhibit diverse domain wall profiles while maintaining almost identical sizes. Furthermore, all of them are stable under the same perpendicular field of Bext = 120 mT. In all four cases, we use the same Ms and [image: image]. For the states in Figures 2A,B,D, the exchange stiffness constant is set to [image: image] pJ/m and IEC [image: image]. On the other hand, for the bubble-skyrmion depicted in Figure 2C, we had to set higher exchange stiffness [image: image] pJ/m and FM IEC [image: image] mJ/m2, otherwise, the configuration becomes unstable.
[image: Figure 2]FIGURE 2 | Representative examples of magnetic bubble domains in a multilayer with different structures of the domain wall. The material parameters used in the simulations in (A–D) are provided in the main text. Note, the parameters in (A, D) are identical. The upper panel shows magnetization in the yz-plane of the sample. The middle panel shows the cuboids with mz ≤ 0 and illustrates the shape of the bubble domains. The bottom panel shows LTEM images of corresponding magnetic textures calculated for normal incident electron beam parallel to the z-axis.
The magnetic bubble shown in Figure 2A represents a typical magnetic bubble in the system without iDMI. Within all middle layers, the magnetization exhibits Bloch-like modulations with identical chirality. Here we show the magnetic bubble with right-handed chirality in the domain wall. However, both states with left-handed and right-handed chirality have equal energy. Note, the chirality can be rigorously defined by the sign of so-called Rogers’s mean geodesic torsion, ρ(r) = m ⋅ (∇ ×m), see Ref. [36] and corresponding citations there. Near the surface, the magnetization forms what is known as Néel caps [37]; [38], where the magnetization aligns with the direction of the demagnetizing field. It is important to note that the magnetization in Néel caps can point either inward or outward, depending on the polarity of the magnetic bubble. However, at the top and bottom surfaces, the magnetization always points in opposite directions. Specifically, when a bubble is embedded in a ferromagnetic state along the z-axis, and its core is magnetized in the opposite direction, the top Néel cap has inward-pointing magnetization, while the bottom Néel cap has outward-pointing magnetization as seen in Figure 2A.
In the presence of weak iDMI ([image: image]), which favors Néel-type modulations of a specific type, the profile of the domain wall becomes asymmetric, Figure 2B. The Néel cap of the type favored by iDMI becomes more pronounced, while the volume occupied by the Bloch-like modulations and the Néel cap of the opposite type diminishes. In the case of very strong iDMI ([image: image]) the whole domain wall has the same Néel-type modulations across the whole thickness, Figure 2C. For this simulation, the iDMI favors Néel-type domain walls with outward-pointing magnetization. Noteworthy, the domain wall profile remains asymmetric, which can be explained by the demagnetizing field effect. As we mentioned above, the direction of the demagnetizing fields mainly depends on the polarity of the magnetic bubble rather than the domain wall profile. In Figure 2C, the magnetization near the top surface points against the direction of demagnetizing fields, while near the bottom surface, it coincides with the direction of the demagnetizing field. Because of that, the domain wall shrinks near the top surface and expands near the bottom one.
The most interesting configuration has a magnetic bubble depicted in Figure 2D. Similar to the bubble depicted in Figure 2A, the domain wall has Néel caps near the surfaces and Bloch-type domain walls in the middle layers. However, contrary to the case in Figure 2A, the chirality of the Bloch domain walls alternate in adjacent layers. It is worth emphasizing that the configurations depicted in Figures 2A,D are obtained at identical conditions, without iDMI and IEC [image: image], [image: image]. The energies of these configurations are nearly identical. More precisely, the energy difference was too small to be accurately estimated using the Mumax code, which operates with 32-bit floating-point precision. This observation holds across the entire range of magnetic fields where the stability of magnetic bubbles persists. The properties of magnetic bubbles with alternate chirality of the Bloch domain walls in adjacent layers are the main topic of the present work.
The bottom row of images in Figure 2 shows the over-focus LTEM images calculated for each magnetic texture, assuming that the electron beam is perpendicular to the film plane. The magnetic bubbles with fixed chirality of the Bloch domain walls in all layers produce a strong contrast. In the case of weak iDMI, the contrast is getting a bit weaker but still can be well seen even at normal incidence of the electron beam. On the contrary, for magnetic bubbles depicted in Figures 2C,D, the LTEM contrast is entirely absent.
In Figure 3, we provide the over-focus LTEM images for the same four types of magnetic bubbles shown in Figure 2 but at different tilt angles of the electron beam. Note that the contrast for the magnetic bubble with alternate chirality in the domain wall in Figure 3D is nearly identical to that for bubble skyrmion in Figure 3C. A small difference between images Figures 3C,D is the matter of fixed defocus distance, which in our calculations is set to 400 μm in all four cases. In practice, the defocus distance might vary up to a few millimeters in order to achieve the highest contrast [29]; [30]. The resulting pattern in the LTEM image might also change with the defocus distance. More importantly that in both cases, the contrast appears only at a non-zero tilt of the electron beam.
[image: Figure 3]FIGURE 3 | Lorentz TEM images of magnetic bubbles with different domain wall structures at different tilt angles of the incident electron beam. Each row of images corresponds to a particular type of bubble domain depicted in Figure 2: (A) normal bubble with fixed chirality across all internal layers, (B) bubble domain in the presence of weak iDMI, (C) bubble domain at strong iDMI, and (D) bubble domain with alternate chirality across the internal layers.
The absence of contrast in the case of alternate chirality domain walls and at normal incidence of the electron beam can be explained as follows. It is well known that the magnetic babbles of opposite chirality produce the opposite contrast in LTEM images. The examples of the images with inverse contrast for magnetic bubbles with opposite chirality can be found in the prime book on magnetic bobbles by Malozemoff and Slonczewski [11]. The superposition of the bubbles of identical size but opposite chirality on top of each other leads to the compensation of the LTEM contrast. It is worse to emphasize that the complete compensation of the contrast occurs only when there is an equal number of layers with left-handed and right-handed chirality. Thus in the case of an odd number of magnetic layers, it is reasonable to anticipate that the LTEM contrast will persist in the case of alternate chirality. However, the intensity of the contrast, in this case, is too weak to be seen in the background of the noise appearing due to the granular structure of the sputter-deposited multilayers [30]. Moreover, as will be shown below, besides the stable solution with alternate chirality (when each next layer has a chirality opposite to the previous one), for [image: image], there are also solutions where only one or a few layers have a chirality opposite to the rest of the layers. Such configurations might be seen in LTEM at normal incidence but will provide a much weaker contrast compared to the ordinary bubbles with fixed chirality across whole internal layers. The same is true for thin multilayers with a small number of magnetic layers. In this case, the major volume of the domain wall will be occupied by the Néel caps, which do not contribute to the LTEM contrast.
In the case of FM IEC, the configuration depicted in Figure 2A and Figure 3A has the lowest energy, while in the case of weak AF IEC, the lowest energy has the magnetic bubble shown in Figure 2D and Figure 3D. The direct evidence for the AF IEC in the multilayer systems with asymmetric interfaces was provided earlier by Lau et al. [39]. In this work, the authors studied [Ir/Co/Pt]3 multilayers with varying thicknesses of Ir and Pt layers. They found that for a wide range of [Ir/Pt] interface thicknesses, up to 1.5 nm, the system exhibits an AF IEC.
The direct observation of the domain walls with alternate chirality has been recently reported in {[Pt/Co]12/Ru}4 multilayers [40]. In this work, the presence of alternate chirality domain walls has been explicitly confirmed by direct observation with LTEM and complementary vector magnetometry measurements [41]. In these multilayers, a weak AF IEC ([image: image] mJ/m2) between [Co/Pt] stacks is induced by 0.9-nm-thick Ru interlayers. It is worth noting that similar multilayers with weak AF IEC between [Co/Pt] stacks have also been examined in earlier studies, e.g., in Refs. [16,18]. However, the explicit alternate chiral nature of the domain walls in the stripe and bubble domain structures of these weakly AF coupled PMA systems has only been identified, highlighted and discussed recently in Ref. [40].
Taking into account the oscillatory behavior of IEC and its decay with the nonmagnetic layer thickness, it is reasonable to assume that for 2-nm-thick interfaces between magnetic layers, the IEC might become negligibly small [18]. For instance, in Ref. [42], it was demonstrated that the IEC between Py layers, mediated by the Pt layer, reduces to zero when the Pt interlayer thickness approaches 2 nm. As follows from our calculations in the case of an exchange decoupled system, [image: image], the bubble domain with fixed chirality in the domain walls, as in Figure 2A, and bubbles with alternate chirality, as in Figure 2D, can coexist.
To prove that the states with fixed and alternate chirality are separated by the finite energy barrier, we calculated the minimum energy path (MEP) between these states using the geodesic nudged elastic band (GNEB) method [43,44]. The results of these calculations are provided in Figure 4. The initial state of ordinary babble with fixed chirality is shown in Figure 4A, and the final state for the bubble with alternate chirality is shown in Figure 4C. In this calculation, we used the multilayers with twelve magnetic layers. Note that Néel caps occupy four top and four bottom layers, and there are only four internal layers with Bloch modulations. Thereby, the transition into the alternate chirality state requires switching the chirality of two internal layers. The lowest energy barrier has the MEP going over an intermediate state depicted in Figure 4B, where the chirality is switched in the sixth layer only. This state is also a stable configuration which, according to MEP shown in Figure 4F, has the same energy as initial and final configurations.
[image: Figure 4]FIGURE 4 | (A–C) show the normal bubble, the bubble with one alternating layer and with two alternating layers, respectively. The transitions between those bubbles require a change in the chirality of a certain layer, which can happen clockwise (D) or counterclockwise (E). (F) Contains four minimum energy paths corresponding to transitions (A, B) and (B, C). Saddle points have a Neel bubble shape in all cases.
The chirality switching occurs via an almost homogeneous rotation of the magnetic moments in the domain wall. Such rotation may occur either in clockwise (CW) or counter-clockwise (CCW) directions, see Figures 4D,E. In Figure 4F, we show both MEPs corresponding to CW and CCW rotations. The energy barrier heights are noticeably different for the CW and CCW rotations. However, in both cases, the saddle point on the MEP corresponds to the state with pure Néel-like domain walls where magnetic moments are pointed either inwards or outwards from the center of the bubble, see middle images in Figures 4D,E. The latter explains the different heights of the energy barriers for CW and CCW rotation. Let us consider the switching in the sixth layer, which corresponds to the path between states A and B in the MEP, Figure 4F. When the switching occurs via CW rotation, the magnetization at the saddle point has the same configurations with outwards pointing magnetization, Figure 4D, as in the bottom Néel cap. Let us remind that the outwards or inwards direction of magnetization in Néel caps is defined by the direction of the demagnetizing field near that surface. Thereby, the saddle point for CW rotation coincides with the direction of the demagnetizing field. In the case of CCW rotation, the magnetization at the saddle point, Figure 4E, is pointed against the demagnetizing field, and such configuration has higher energy.
For the same reasons, the switching in the eighth layer, which corresponds to the path between states B and C, has the lower energy in the case of CCW rotation. The eighth layer is close to the top surface of the film, where the magnetization of the Néel cap is pointed inwards, as well as the saddle point for the CCW rotation, Figure 4E.
The difference in energy barriers for the transitions from state A to B and from states B to C can be attributed to the proximity of the switched layer to the surface. The eighth layer is positioned closer to the top surface than the sixth layer to the bottom surface. Consequently, the demagnetizing field, which is most prominent near the surfaces, exerts a more significant influence on the energy of the eighth layer. Therefore, the energy difference between CW and CCW rotations in switching the eighth layer (transition from B to C) is more significant than in switching the sixth layer (transition from A to B).
The optimal MEP, which follows the transitions with the lowest energy berries, in this case, corresponds to the following sequence of transitions. First, the chirality switches in the sixth layer via CW rotation, and then it switches in the eighth layer via CCW rotation. Due to the symmetry of the problem, there is also an equivalent MEP where the CCW switching first occurs in the eighth layer, and then the sixth layer switches via CW rotation.
The magnetic bubbles discussed above can be attributed to the topological states. The topological invariant or topological charge which defines the homotopy class of these solutions can be written as
[image: image]
where integration is carried out in each of the layers. The direction of m far from the bubble center, which represents the base point of the homotopy group, aligns with [image: image]. For magnetic bubbles depicted in Figs. 1, 2 and 4 the invariant (2) returns Q = −1 in each layer. In addition to the solutions mentioned above, the model with magnetic layers coupled solely by dipole-dipole interactions allows for a distinct type of magnetic bubble. In this case, the surface layers have a topological index of Q = −1, while all internal layers exhibit a topological index of Q = 0. Figure 5A shows a representative example of a bubble of this type in a multilayer composed of twelve magnetic layers. Interestingly, this magnetic bubble also provides a contrast in LTEM when the electron beam is tilted, as illustrated in Figure 5B. The origin for this behavior might be explained by the sequential change of magnetization in internal layers as illustrated in Figure 5C. For simplicity, we will refer to such a solution as a trivial bubble. The magnetization in the domain wall of the internal layers is nearly unidirectional (see layers 8–5). However, in adjacent layers, the magnetization directions are opposite (compare layers 7 and 6). Such ordering arises because the trivial bubble domain possesses a net magnetization contributing to the demagnetizing field. Although the interaction between these trivial configurations via demagnetizing fields is relatively weak, it becomes dominant without IEC. As a result, the magnetization of trivial bubbles in the internal layers tends to align to minimize the total demagnetizing field. This occurs by alternating the direction of net magnetization in adjacent layers.
[image: Figure 5]FIGURE 5 | The magnetic bubble with zero topological charges in the middle magnetic layers. (A) Magnetic structure of the bubble; (B) Lorenz TEM simulated images at different angles of the incident electron beam; (C) The magnetization distribution in magnetic layers containing the magnetic bubble. (D) Energy variation of a topologically trivial magnetic bubble as a function of the perpendicular magnetic field. The total energy and its distinct components are presented relative to the topological magnetic bubble, as shown in Figure 4A.
Figure 5D shows the energy of magnetic bubbles with a trivial configuration in the internal layers as a function of the external magnetic field. In this case, the energy of this state is calculated relative to the energy of the topological bubble. The term “topological bubble” refers to any magnetic bubble with either fixed or alternating chirality, as their energies are nearly identical in the whole range of their coexistence. Interestingly, at high fields, above 140 mT, the trivial bubble becomes energetically more favorable than the topological bubble. By analyzing the decay of the Zeeman and anisotropy energy terms, which are directly related to the bubble domain size, we can deduce that the trivial bubble gains energy due to its faster reduction in size compared to the topological bubble as the field increases.
4 CONCLUSION
In this study, we examined a micromagnetic model of a multilayer system and reported several key findings. First, when interlayer exchange coupling (IEC) and interfacial Dzyaloshinskii-Moriya interaction (iDMI) are absent, we observe a wide diversity of magnetic bubble configurations with distinct domain wall orderings. Specifically, we identified stable solutions for magnetic bubbles exhibiting alternating chirality of the domain wall in adjacent layers. These bubbles share a unique characteristic with bubble-skyrmions in that they are transparent to Lorentz transmission electron microscopy (LTEM) when the electron beam is incident normal to the film surface. The LTEM contrast only becomes visible when the sample is tilted relative to the electron beam.
Furthermore, these configurations can coexist alongside regular magnetic bubbles across a broad range of external magnetic fields. This suggests the potential use of sequential magnetic bubbles with different domain wall types for data encoding. For instance, the magnetic bubbles of alternate chirality and bubbles with fixed chirality can be used as binary data bits of “0” and “1”, respectively. This approach provides an alternative to other methods for data encoding with magnetic solitons [45] that involve chiral bobbers and skyrmion tubes [46], or skyrmions and antiskyrmions [47]. However, the multilayer systems discussed in this work possess distinct advantages over thin films of chiral magnets. For instance, unlike many chiral magnets, these magnetic multilayer systems comprising Co, Fe, and Ni elements typically exhibit significantly higher Curie temperatures that exceed room temperature. This characteristic enhances their practical usability for various applications. Additionally, the fabrication of such multilayers using sputter deposition is a well-established technology widely employed in the industry. On the other hand, the multilayer systems prepared by sputter deposition often exhibit some disorder due to their granular structure [48]; [49]; [50]. Such disorder represents a secondary effect for static properties of magnetic bubbles but should be taken into account when their dynamic properties are studied [51]. The attempts to implement the granular structure in micromagnetic modeling of magnetic multilayer can be found, e.g., in Refs. [52] and [23]. Additionally, our studies raise intriguing new inquiries. For instance, it would be of great interest to develop a reliable approach for controlling the nucleation of bubbles with specific domain wall types. An efficient method to detect these states beyond LTEM is also needed.
We hope our findings will encourage further investigation into exchange-decoupled multilayer systems as a promising platform for spintronic applications.
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