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Abstract 
We present a study of the magnetic properties of [Co( 3.0nm)/Pt( 0.6nm)]N  multilayers as a 

function of Co/Pt bilayer repetitions N. Magnetometry investigation reveals that samples with 

high N exhibit two characteristic magnetization reversal mechanisms, giving rise to two different 

morphologies of the remanent domain pattern. For applied magnetic field angles near the in-plane 

field orientation, the magnetization reversal proceeds via a spontaneous instability of the uniform 

magnetic state resulting in perpendicular stripe domains. Conversely, for field angles close to the 

out-of-plane orientation, the reversal occurs via domain nucleation and propagation leading to a 

maze-like domain pattern at remanence. Our measurements further enable the characterization of 

the N-dependent energy balance between the magnetic anisotropy and magnetostatic energy 

contributions, revealing a gradual disappearance of the domain nucleation process during 

magnetization reversal for N < 14. This leads to the exclusive occurrence of an instability reversal 

mechanism for all field orientations as well as aligned-like stripe domains at remanence. 

Furthermore, a detailed study of the influence of the magnetic history allows the determination of 

a range of material properties and magnetic field strengths, where a lattice of bubble domains 

with remarkably high density is stabilized. These modulations of the ferromagnetic order 

parameter are found to strongly depend on N, in terms of center-to-center bubble distance as well 

as of bubble diameter. Moreover, such Co/Pt multilayers could be utilized to engineer field 

reconfigurable bubble domain lattices, which can resemble magnonic crystals. 
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I. Introduction 
Magnetic thin films with competing long and short-range interactions are a very important 

research topic in the field of ferromagnetism [1,2]. Due to their close competition, complex 

magnetization reversal processes as well as spatially inhomogeneous magnetic multi-domain 

states generally occur [3-13]. Undoubtedly, artificial layered structures consisting of alternating 

ferromagnetic (FM) / non-magnetic layers rightfully belong to this category [14-18]. In these 

systems, magnetocrystalline and surface anisotropies are typically opposing the magnetostatic 

self-interaction, causing the occurrence of heterogeneous microscopic magnetic states in order to 

minimize their total energy [17,19-21]. The resulting nanoscale magnetic textures have attracted 

significant interest due to their technological potential [22-28], as well as for their structural 

complexity [29-32]. In particular magnetic bubbles, which correspond to cylindrically shaped 

domains extending throughout the total thickness [33], were intensively studied largely motivated 

by their potential for applications in solid state storage [34,35]. While the industrial interest was 

pushed down by the subsequent advent of more efficient commercial devices [36], both the 

geometrical implication of magnetic bubble patterns and their dynamic behavior have become to 

a greater extent their primary research aspect [37-39]. As a matter of fact, a dipolar-stabilized 

bubble domain might be considered as a topological spin texture alike chiral skyrmions [40]. 

However, besides possible domain wall defects leading to achiral bubbles, the symmetric nature 

of dipolar interactions would lead to the co-existence of equal amounts of bubbles with both 

chiralities without the application of advanced patterning techniques together with specific 

magnetic field treatments [41].  

Interestingly, by specific material parameter choices, the uniform ferromagnetic ground 

state can be established in artificial layered structures [42-44]. Therefore, a key issue in 

multilayer films is to find out under which conditions the system prefers spatial modulations of 

its FM order parameter instead of a simple homogeneous magnetic ground state, as well as to 

understand the mechanism governing the associated modulation period. The specifics of the 

resulting micromagnetic states are set by the relative strength of the competing interactions, 

whose ratio in multilayer structures can be tuned by changing for instance the individual layer 

thicknesses or the number of layer repetitions [17,45-47]. Moreover, while the energy balance is 

fixed by the material parameters, it was shown by Gao et al. [48] that the remanent magnetic 
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domain state configuration can be efficiently manipulated by applying an appropriate magnetic 

field routine leading to a highly dense remanent bubble-like domain lattice [49,50].  

In the last two decades, an extensive work effort has led to an apparently very complete 

understanding of magnetization textures in magnetic multilayers [16,17,51,52]. The majority of 

these studies, though, utilized very thin FM layers, since an in-plane magnetization reorientation 

is expected for thicker films [47,53-55]. However, for sufficiently thick FM layers and in the 

presence of out-of-plane crystalline magnetic anisotropy, it was found that the magnetization 

undergoes a second reorientation transition back to out-of-plane orientation [6,12,13,30,56,57].  

Based on the prior knowledge of FM multilayer thin films and our observations of various 

magnetic domain morphologies depending on magnetic history [49,50], the purpose of this paper 

is to provide an extensive exploration and description of their magnetization reversal as a 

function of the energy balance between magnetostatic and anisotropy energies. More importantly, 

the aim is to determine the existence of a specific energy ratio able to enhance the domain 

densities at remanence [48,49] while possibly stabilizing dense arrays of magnetic bubbles. This 

has been carried out by optimizing the total thickness of [Co( 3.0nm)/Pt( 0.6nm)]N multilayers 

by varying the Co/Pt bilayer repetitions N in a range unexplored heretofore, in combination with 

finely adjusting the magnitude of the previously applied magnetic field.  

Among the elemental ferromagnets, bulk Co adopts at room temperature the hexagonal 

close packed (hcp) crystal structure and possesses a magnetic easy axis (EA) along the c-axis. 

Thus, we have grown our multilayer films on top of a thick Pt (111) buffer layer such that Co 

grows with the necessary texture to induce an out-of-plane anisotropy-axis orientation. By 

studying in detail the influence of the magnetic history on the remanent domain pattern, and after 

having determined an optimal Co thickness leading to the formation of a bubble state [49], we 

find an optimal N for which a dense lattice of bubble domains is favored and the bubble density is 

maximized. 

The paper is organized as follows. We describe specific experimental details in Section II. 

Then, in Section III A, the identification of the crystal structure and the evaluation of the epitaxial 

relationships are shown. In Section III B, the room temperature magnetometry characterization is 

presented and analyzed. The remanent magnetic states for various N including a magnetic domain 

density study as a function of the previously applied magnetic field are shown and discussed in 

Section III C-1. Section III C-2 describes the remanent magnetic state diagram of such multilayer 
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structures in terms of color coded-map. Finally, Section IV provides a summary of the 

accomplished results and general conclusions that can be drawn from our work. 

II. Methods 
The [Co(3.0nm)/Pt(0.6nm)]N multilayer (ML) films were prepared at room temperature by dc 

magnetron sputter deposition in an ultrahigh vacuum (UHV) system (ATC 2200 series from AJA 

International, Inc.) with a base pressure better than 3 × 10−6 Pa. Si substrates covered by a 100 

nm thick thermal SiOx layer were used. For each layer, the deposition process was started only 

after pre-sputtering the targets for at least 30 s, using a pressure of 4 × 10−1 Pa of pure Ar 

atmosphere. As a template for the growth of (0001) textured hcp Co layers, a 1.5 nm Ta and 

subsequent 20 nm Pt layer were deposited using plasma power settings of 100 W and 30 W 

respectively. Thereafter, the Co and Pt depositions were performed by using 80 W and 30 W 

plasma powers respectively. Each sample was finally coated with a 2.3 nm thick Pt layer to avoid 

surface oxidation and contamination after removal from the vacuum system as well as aging 

effects. The Pt was also chosen as capping material to avoid breaking the spatial inversion 

symmetry along the out-of-plane (OOP) direction of the multilayer structure [58]. A schematic of 

the sample structure, including its specific layer sequence, is shown in Fig. 1(a) (top right part) 

together with the corresponding thicknesses. The structural analysis of the samples was 

performed by means of x-ray diffraction (XRD) and reflection (XRR) utilizing a Rigaku 

SmartLab x-ray Diffractometer with Cu-Kα radiation. Magnetization measurements were 

performed using a commercial Microsense EZ7 vibrating sample magnetometer (VSM), 

equipped with a 360° rotational stage. Finally, magnetic domain imaging was performed via 

magnetic force microscopy (MFM) using a Bruker Multimode IV atomic force microscope and 

NSC18/Co-Cr/Al BS magnetic tips. 

III. Results and Discussion 
A. Structural characterization 

In order to characterize the periodicity of the compositional modulation, we studied the 

crystallographic structure and the OOP mosaicity, for which XRR as well as XRD θ-2θ scans and 

rocking curve measurements were performed. Fig. 1(a) illustrates XRR ω−2θ scans in the angular 

range 0.2° ≤ 2θ ≤ 9.0° for the entire set of samples investigated in this study. Each measurement 

has been normalized to its maximum intensity and vertically offset by a constant value to permit 
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direct comparison. Interference-caused Kiessig oscillations with two different wavelengths are 

distinguishable in Fig. 1(a). A first type can be observed at low 2θ values, whose period is 

inversely proportional to the number of Co/Pt repetitions N. These short-wavelength oscillations 

correspond to the total thickness of the multilayers, since by increasing N (i.e. the total sample 

thickness) the distance in between two consecutive minima or maxima decreases. At the same 

time their relative intensity decreases while increasing N, due to the increasing number of 

interfaces as well as the absorption in each individual layer (whose number is 2N). In a wider 2θ-

range a second set of Kiessig oscillations is noticeable, whose period (Δθ ≈ 0.2°) is constant as a 

function of N. They originate from the 20 nm thick Pt buffer layer, whose thickness is set to be 

constant independently of the sample. More importantly first and second order Bragg-like 

superstructure peaks, appearing at 2θ ≈ 2.55° and 2θ ≈ 4.80° respectively, have been measured 

for the entire set of our samples, giving a clear signature of a well-defined periodic elemental 

modulation of the multilayer structure independent of N. While it may be expected to observe 

superstructure peaks up to higher orders, the interfaces of any real multilayer system present 

slight imperfections due to roughness and interdiffusion. Such small deviations from perfect 

interfaces are partly responsible for the rapid reflectivity reduction of the intensities especially for 

higher order superstructure peaks as well as for the absolute broadening of their width. Moreover, 

due to the selected thickness of the individual layers, the higher order peaks are expected to be 

located at high angles 2θ where the reflected x-ray intensity has decreased rapidly with the 

inverse fourth power of the transferred wave vector magnitude [59]. Furthermore, the broadening 

of the individual ML-Bragg peaks is N-dependent: by increasing the number of Co/Pt bilayer 

repetitions, the width of the ML-Bragg peaks decreases substantially, as can be seen in Fig. 1(a). 

While this is partly caused by the sharpening of interference maxima with increasing N 

(analogously to the situation for diffraction gratings) as well as by the decreased overlap with 

Kiessig oscillations due to their reduced intensity and width, it can be furthermore notably linked 

to the stability of the Co/Pt bilayer thickness. Indeed, while increasing the number of Co/Pt 

bilayer blocks of constant total thickness tCo+Pt within the experimental error, the individual tCo+Pt 

should have a distribution getting closer and closer to a normal distribution where an angular 

broadening of the ML-Bragg peak decreases while increasing N [59]. Therefore, the observed 

evolution of the 1st and 2nd order full width at half-maximum (FWHM) peak value is importantly 
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confirming that the material parameters uniformity and reproducibility stay constant while 

increasing N. 

Figs. 1(b) and (c) display XRD θ-2θ scans in the angular range 22° ≤ 2θ ≤ 102° for all 

samples studied in this work, where the peak indexing in (c) refers also to (b). Similarly to the 

measurements in Fig. 1(a), each dataset has been normalized to its Si (400) diffraction peak 

intensity and is vertically offset by a constant value for direct comparison. All the scans look 

nearly identical in their overall appearance, exhibiting only well-defined diffraction peaks 

corresponding to Si (400), buffer Pt (111) and (222), Co/Pt (0002)/(111) and (0004)/(222) lattice 

planes1. The Pt buffer layer peaks look virtually the same for all samples, both in terms of 

angular position and FWHM, verifying the robustness of our fabrication process. This template 

layer stability allows us afterwards to ascribe any significant change in the magnetic properties to 

the specific number of repetitions N itself as opposed to inherent structural variations. Most 

relevantly, the entire set of samples exhibits a crystallographic orientation quality that is very 

similar to samples with individual thinner Co layers, despite the total thickness and high number 

of repetitions of the Co/Pt bilayer of the present study [46]. Thus, the total angular range shows 

only well-defined fcc (nnn) and hcp (000l) peaks for Pt and Co. The hcp lattice of Co was 

additionally verified via in-plane (IP) diffraction measurements, by setting the incident and 

diffracted beams nearly parallel to the sample surface, in which only Co (1120) and (1010) 

reflections were measured together with the one of Pt (220) for any sample studied in this work2.  

Moreover, satellite peaks of the multilayer diffraction signals [indexed by n in Fig. 1(c)] 

have been measured, which are a clear indication of a perpendicular structural and material 

coherence far greater than the thickness of the individual layers. It can be also observed that the 

negative indexed satellite diffraction peaks have higher intensity than the positive ones, with the 

latter being within the noise level for n > 1. However, this effect is mainly caused by the 

overlapping and interfering waves coming from the -n satellite diffractions and the Pt (111) and 

Pt (222) diffraction planes. By using a triple Gaussian fitting function3, the positions of the 1st 

and 2nd order low angle Bragg-like superstructure peaks, displayed in Fig. 1(a), were evaluated in 

                                                            
1 In Fig. 1(c) and in the text Co/Pt* refers to Co (0002) / Pt (111), whereas Co/Pt** to Co (0004) / Pt (222). 
2 However, our XRD-investigation cannot exclude the presence of fcc stacking faults. 
3 It was used a triple Gaussian function in order to take into account the superposition of left and right Kiessig 
oscillations coming from the total thickness and Pt buffer layer on the 1st and 2nd order Bragg peaks respectively. 
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order to estimate the average total thickness of the Co/Pt bilayer tCo+Pt
4. Fig. 2(a) shows the N-

dependence of tCo+Pt, where the errorbars correspond to the standard deviation values. Under the 

assumption of a purely statistical Gaussian distribution for the observed tCo+Pt values, all data fall 

into the interval defined by tCo+Pt ± σ = 3.61 ± 0.01 nm, with σ being the standard deviation from 

the data average tCo+Pt. Indeed, the experimentally determined Co+Pt is consistent within the 

statistically estimated error with the nominal total thickness value of 3.6 nm.  

The average lattice constant of the Co/Pt bilayer was extracted from the angular positions 

of the Co/Pt*,1 diffraction peaks in the θ-2θ scans, and plotted in Fig. 2(b) as a function of N 

together with the associated errors estimated from the least-squares Gaussian fit. The data are 

displayed along with reference values for bulk Pt (blue dashed line) and Co (red dotted line), for 

comparison. The lattice constants dCo+Pt shown in Fig. 2(b) correspond to the OOP interplanar 

distance of the superlattice-like cell consisting of both Co and Pt. Besides the absence of notable 

variations in between the extracted data, the values are consistently and substantially smaller than 

what one would expect for a Pt-rich superlattice cell or pure bulk Pt. The experimentally 

determined average value of dCo+Pt = 0.2089 nm is only slightly larger than the corresponding 

weighted average thickness of 0.208 nm that is extracted from the of bulk parameters of Co/Pt 

multilayer structure parameters in this work. Furthermore, Fig. 2(b) reveals a slight trend towards 

smaller dCo+Pt values as N is increased. This effect could be caused by the initial strain from the 

20 nm thick Pt buffer layer, which is stronger for less N. 

In order to investigate the OOP crystallographic axis dispersion in the samples, rocking 

curve measurements have been performed for the Pt (111) and Co/Pt* peaks1. The full widths at 

half maximum values of the peaks are plotted in Figs. 2(c) and (d) as a function of N, with the 

error-bars representing uncertainties estimated via the least-square Gaussian fits. Both sets of 

measurements indicate that the samples achieved remarkably good alignment of Co/Pt 

crystallographic c-axis orientation normal to the sample surface, when compared to previous 

works [60,61]. Finally, our structural sample analysis confirms the good crystallographic quality 

of the optimized layer growth sequence resulting in well-modulated Co/Pt multilayer films with 

                                                            
4 Here, the average value refers to two independent averaging processes: one is directly connected to the volume 
averaged nature of the x-ray measurements, which is indeed dependent on the penetration depth of the beam as well 
as on its lateral extension; the second one is the arithmetic mean of the thicknesses calculated via the angular position 
of the 1st and 2nd order Bragg-like superstructure peaks at low angles. 



 
8 

 

perpendicular c-axis orientation, necessary for a preferential OOP orientation of the 

magnetization in such thick structures. 

B. Magnetic characterization 
The macroscopic magnetic properties were analyzed to verify whether and how the designed 

multilayer structures exhibit a preferential orientation of their magnetization M parallel to the 

film normal. Figs. 3(a)-(m) present room temperature normalized M/Mmax data as a function of 

the field strength μ0H and number of Co/Pt bilayer repetitions N. For all hysteresis loops shown 

here, the (black) short dashed and (red) solid lines show the magnetization curves measured for 

an external magnetic field applied parallel and perpendicular to the film plane respectively. Fig. 

3(a) shows the data for the thinnest sample in this study with N = 6. Despite the OOP orientation 

of the magnetocrystalline anisotropy axis, an in-plane behavior was found. The measurement 

shows an almost perfectly rectangular-shaped hysteresis for the IP applied field with an abrupt 

magnetization reversal. In contrast, the OOP field data in Fig. 3(a) show an almost completely 

reversible change in the magnetization orientation where the complete alignment is reached only 

at a field strength of μ0HS
OOP ≈ 1.3 T. The small hysteresis effect during the OOP reversal process 

is the result of slight sample imperfections. At the other end of our sample spectrum, Fig. 3(m) 

shows two reversal curves that are a clear indication of OOP preferential orientation of the 

magnetization [6,7,17]. For μ0|H| > μ0HS
OOP ≈ 1.15 T, the system exhibits in both geometries a 

uniform magnetization state parallel to the field direction. In the IP field case the saturated state 

becomes unstable at the critical field μ0|Hcr | ≈ 0.5 T upon reducing the field strength, and 

undergoes laterally alternating magnetization rotations driven by the magnetocrystalline OOP 

anisotropy culminating in the formation of a remanent stripe domain configuration. However, an 

IP magnetization component persists at remanence mainly within the domain walls, which is 

aligned during the field sequence and which is responsible for the hysteresis that occurs for low 

field values [6-8]. For the OOP field configuration, once the field is lowered, the uniform state is 

altered by the formation of bubble domains with opposite magnetization orientation driven by 

magnetostatic energy. This process starts rather abruptly at the nucleation field μ0|HnOOP| ≈ 1 T, 

leading to a sharp drop in the magnetization. As the field is further reduced the domain 

dimensions increase resulting in the linear field dependence of the magnetization down to 

remanence. The observed small hysteresis effect is again the result of slight sample imperfections 

[62].  
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From our experimental data in Fig. 3, we concluded that N has a profound impact on the 

magnetization reversal characteristics of thick Co/Pt multilayers. While the overall appearance of 

the IP and OOP magnetization reversal curves stays very similar for 16 ≤ N ≤ 30 [Figs. 3(f)-(m)], 

an appreciable change occurs in the two OOP-hysteretic regions at high field magnitudes, 

associated with the nucleation and annihilation of domains. In fact, upon increasing N, their 

position along the magnetic field axis shifts to progressively higher values as well as their area 

becomes gradually larger. This is evidenced in the close-up plots shown in Figs. 3(n)-(q). 

Differently, by decreasing N below 14, these hysteretic areas collapse entirely as displayed in Fig. 

3(d). In contrast to this change in the nucleation behavior, the central hysteresis does not 

disappear, but instead actually increases significantly between N = 14 and N = 10 for OOP field 

orientation, before it decreases again for even smaller N, consistent with previous observations in 

pure Co systems when decreasing the effective OOP anisotropy [6,13]. Also, MS maintains a 

nearly constant value in the entire N-range studied. The OOP saturation field μ0HS
OOP, the 

nucleation field μ0HnOOP, and the IP saturation field μ0HS
IP strengths are plotted as a function of N 

in Figs. 3(r) and (s). The μ0HS
OOP(N) data can be divided into two branches that join in a cusp-like 

point located at N = 14. For N ≥ 14 the OOP saturation field monotonically increases while 

increasing N and hence the sample thickness, as already predicted by Thiele [33] and 

experimentally measured by Hehn et al. [7] for a single magnetic film with OOP anisotropy. On 

the contrary, for N < 14, μ0HS
OOPmonotonically increases when reducing N.  

Based on the behavior of the OOP loops and corresponding saturation fields, three 

different N-ranges can be identified in which the magnetic state before OOP saturation and the 

mechanism for reaching the saturated single domain state at μ0HS
OOPare fundamentally different: 

(i) for N > 14, before OOP saturation the sample consists of magnetic bubbles which collapse 

upon reaching μ0HS
OOP; (ii) in the interval 10 ≤ N < 14, μ0HS

OOPdescribes the field at which the 

laterally alternating non-uniform magnetization state vanishes in favor of a uniform magnetic 

state; (iii) and for N < 10, reaching OOP saturation refers to the process during which the 

magnetization vector continuously rotates from the easy plane direction towards the OOP field 

direction. Differently, both μ0HS
IP and μ0HnOOP increase their values monotonically with N. The 

μ0HS
IP evolution is mainly driven by the increase of the OOP effective anisotropy while increasing 

the total thickness of the investigated samples, as already observed in previous studies on single 
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Co thick layer [6,7]. The N-dependence of μ0HnOOP is directly related to the total thickness of the 

systems, for the nucleation field being a growing function of the film thickness [6,33].    

 As seen in Fig. 3, our multilayer samples show fundamentally different magnetization 

reversal processes while applying the magnetic field along in- and out-of-plane directions and by 

varying N. As a result, in order to fully magnetically characterize this kind of system, not only IP 

and OOP orientations of the magnetic field should be explored, but also any intermediate field 

angles. In order to perform this angular dependent study, a convenient methodology introduced in 

earlier studies was utilized [12,13], which takes advantage of the normalized magnetization 

difference ΔM/Mmax between the ascending and descending branches of the magnetization curves. 

Correspondingly, M(H) curves have been measured for different applied field orientations5 β, in 

steps of Δβ = 5° for 30° ≤ β ≤ 95°, and Δβ = 2° for -30° ≤ β ≤ 28°. The complete angular 

dependence of the normalized magnetization difference is shown in Fig. 4 as a color-coded maps 

of ΔM/Mmax (β,H) in the 8 ≤ N ≤ 30 Co/Pt bilayer repetitions range6. As it can be clearly seen, the 

resulting ΔM/Mmax (β,H) maps strongly depend on N, showing significant changes especially in 

the high magnetic field regime. For N = 30, the low magnetic field hysteresis forms a central 

band that extends from left to right over all magnetic field angles, even though it decreases in 

width near β = 0°. In contrast, the domain nucleation hysteresis is visible in this plot via the 

presence of two non-zero ΔM/Mmax value regions centered at μ0H ≈ ± 1 T and β = 0°. Upon 

changing β away from the OOP orientation, the width of these regions in field gradually reduces, 

and they completely disappear for β > 10° or β < -10°. Hence we can conclude that for orientation 

β < -10° and β > 10° the magnetization reverses by undergoing a second-order rather than a first-

order phase transition [12,13]. On the contrary, the color-coded map for N = 8 (Fig. 4) is 

characterized by the sole existence of a central hysteresis band, showing a slight increase near the 

OOP field orientation (β = 0°). Therefore, we see that by varying the total magnetic thickness of 

the multilayer system, there is a threshold minimum total magnetic thickness (N × tCo) for which 

hysteretic nucleation (and annihilation) of perpendicular bubbles and stripe domains occurs, a 

process indicated by the existence of non-zero ΔM/Mmax regions outside the central band and near 

the OOP field orientation. Without dramatically changing in field position, their angular 

extension shrinks progressively upon decreasing N, down to the point where they collapse 
                                                            
5 β = 0° corresponds to H applied along the surface normal, β = 90° refers to in-plane field orientation. 
6 The sample N = 6 is not further investigated due to its similarity with respect to N = 8. 
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entirely. In contrast to this change in the nucleation behavior, the central hysteresis band does not 

disappear, but instead increases. Analogous to the situation earlier observed in thick (0001) 

oriented Co-films [12,13], the angular extension of the nucleation process is controlled by the 

evolution of the μ0Hcr (β) and μ0Hn (β) curves and by their complete different angular dependence 

that produces a crossing at a specific β. By reducing the ratio between anisotropy and 

magnetostatic energy in favor of the latter, which was achieved for instance in Ref. 13 by 

increasing the temperature of pure single Co films, the angular position of the crossing point 

shifts towards β = 0° until its complete suppression. Thus the experimental observations in Fig. 4 

reflect the thickness-induced variations of the (β,μ0H) regions where each of the two 

magnetization reversal mechanisms dominate for our Co/Pt multilayers, as a result of the inherent 

thickness dependent ratio of magnetic anisotropy and magnetostatic energies. In fact by reducing 

N (i.e. the total magnetic thickness), the crossing point between the two reversal mechanisms is 

gradually shifting to lower β values until disappearing, which implies that the instability reversal 

process then occurs for any angle of the externally applied field.  

In order to better visualize the energy-ratio dependence of the reversal mechanism, the 

same datasets shown in Fig. 4 were plotted and magnified for the extreme cases of β = 0° and 90° 

(OOP and IP, respectively), displayed in Fig. 5. For the OOP geometry [Fig. 5(a)] we can 

recognize two characteristics bands of non-zero ΔM/Mmax value near applied fields of ± 1 T for 

high N values. As N is decreased from 30, an initial gradual reduction in field position of the two 

nucleation regions is followed by their complete disappearance for N < 14. Differently, the 

central band stays nearly constant down to N = 14, where it starts to expand significantly before 

shrinking again at the lowest Co/Pt bilayer repetition used in our experiments. For the IP 

configuration, Fig. 5(b), a gradual reduction of the central hysteretic band with decreasing N is 

visible without the appearance of any other hysteretic structure in the entire N-range. This 

behavior is fully consistent with the high field hysteresis-free phase transition from a uniform 

state into an instability induced stripe domain pattern. This leads to a hysteresis peak around zero 

field due to the existence of a net IP magnetization component (within the domain walls) for this 

state. By associating the existence of the high field hysteretic behavior with nucleation and the 

absence of it with instability-driven stripe domain generation, Fig. 5 implies that for N < 14 the 

latter extends to every applied magnetic field angle.  
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However, an important aspect has still been neglected in our discussion. While lowering 

the number of bilayer repetitions from N = 30, our samples are also experiencing a thickness-

induced magnetization reorientation transition that culminates at the lowest studied N-value with 

a reversal mechanism characterized by IP magnetization states alone [6,30,57]. In fact, the IP 

magnetization reversal curves displayed in Figs. 3(a) and (b) have lost the strong curvature of the 

high N-samples loops and exhibit almost full remanent magnetization. Thus, the samples with N 

≤ 8 are evidently in an IP magnetization state at remanence, as it will be seen and further 

discussed in conjunction with Figs. 6 and 7. Importantly, the magnetization reversal evolution as 

a function of N must have a direct impact on the remanent magnetic domain state for those 

samples with high repetition number N, enabling its manipulation in terms of modulation period 

and microstructure by applying specific magnetic field sequences. Therefore, character and 

tunability of the remanent magnetic domain structures have been investigated via MFM 

measurements in the next section. 

C. MFM characterization 
1.  Characteristic domain patterns 

The magnetometry characterization illustrates that qualitatively different magnetization reversal 

behaviors can emerge from the different balance between the magnetic anisotropy and 

magnetostatic energy contributions, which can be tuned in our thick multilayer films by means of 

varying N. The absence of the nucleation phase at low N was identified across the entire H-β 

parameter space upon analyzing the color-coded maps in Figs. 4 and 5 [13]. In order to confirm 

the physical picture deduced from our VSM data, the remanent domain patterns were measured 

via MFM. For samples with N < 14, we aim towards validating the persistence of a sufficiently 

large anisotropy able to support a stripe domain state at remanence, despite the disappearance of 

the nucleation type hysteresis earlier found. For this purpose, the magnetic configuration was 

brought as close as possible to the equilibrium state in the OOP reference system by 

demagnetizing it, i.e. by applying an oscillating field of decreasing amplitude starting above 

μ0HS
OOP. Fig. 6 shows the corresponding remanent (demagnetized) MFM images recorded after 

the described OOP demagnetization process as a function of N. At large thicknesses (N ≥ 18), the 

magnetic configuration consists of a disordered array of stripes with well-defined widths. The 

corresponding maze-like domain pattern is the result of the heterogeneous nucleation and 

expansion of bubble domains, which develops randomly due to the symmetry breaking caused by 
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the nucleation process at μ0HnOOP. Opposite to this, when looking at the MFM images for lower 

multilayer thicknesses (10 ≤ N ≤ 16), the magnetic pattern is more ordered possessing a well-

defined domain period. Indeed, for N = 10, the perpendicular magnetization component is still 

found to have a periodic OOP up and down magnetization modulation, as confirmed by the 

weakly striped MFM contrast. Even though the magnetization is coherently aligned along the 

stripes axis, it should not have in principle a preferential IP direction (opposite to the case of a 

film with IP uniaxial anisotropy [63,64]), because the stripe orientation is not fixed but instead 

depends on the sample history. However, for our samples with small N values, a preferential 

direction along which the stripes align can be readily observed. We suggest that this is mainly 

triggered by the gradual extension to any magnetic field application angle β of the instability-

driven stripe domain generation, suppressing any level of disorder that the nucleation of bubbles 

may introduce (that for N=14 and 16 occurs only -2° ≤ β ≤ 2° as depicted in Fig 4). Therefore, the 

whole stripe pattern orders parallel to the last experienced saturation field or, as in this case, to 

the direction of the small IP field component arising from possible experimental misalignment 

between the direction of application of μ0H and the sample surface normal. This attributes an 

oriented and “rotatable” IP anisotropy to the multilayer films with low N despite OOP application 

of μ0H [65]: by changing the misalignment angle of the externally applied magnetic field during 

the demagnetization process, the small IP component would rotate accordingly on the sample 

surface plane. This induces a preferential axis for the stripe domains, due to the tilt of the stripe 

domain magnetization in the direction of the fields IP component and the associated Zeeman 

energy gain for an alignment of the stripes in this direction. Note that this behavior is not 

observed in samples with high N, due to the higher effective OOP anisotropy respectively in-

plane saturation field, leading to a much less tilted magnetization in an external field with small 

IP component. Finally, as the perpendicular magnetization curve obtained for the N = 6 and N = 8 

are characteristic for a film with IP magnetization, the corresponding MFM image for N = 8 

displayed in Fig. 6 shows large IP domains with typical widths over 1 µm. The two-dimensional 

Fast Fourier Transformation (2D-FFT) analysis taken over each large scan-size MFM images (10 

× 10 µm2) confirms the N-dependent directionality of the stripe domains alignment. Decreasing 

the number of Co/Pt repetitions N causes the symmetric circle-like high intensity region 

gradually to break into two separated “quarter moon-like” structures.  
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 In addition, we have studied the remanent domain patterns after IP demagnetization 

process. Fig. 7(a) and (b) shows MFM images for samples with N = 30 and N = 10 respectively. 

The alignment of the parallel component of the magnetization with the field, in order to minimize 

the Zeeman energy, leads to periodic patterns of parallel stripes for all samples between 30 ≤ N ≤ 

10, as already predicted and confirmed experimentally for similar total thicknesses [6,66]. 

Although the investigated systems have a complicated magnetic behavior, the stripe domain state 

is generally accepted as the energetically preferred state in the absence of an applied magnetic 

field. Thus in Figs. 7(a) and (b) the symmetry breaking along the IP direction forces the stripe 

walls and stripes themselves to align along one direction, whereas in the case of OOP-

demagnetization process and in the presence of nucleation hysteresis only the local order is 

preserved and the free-energy minimization as well as the finite temperature at which the 

experiment has been carried out lead to globally disordered patterns. However, we have seen that 

the disorder is suppressed while reducing the ratio between anisotropies and magnetostatic 

energies as shown in Fig. 6 for 10 ≤ N ≤ 14. In this N-range the remanent domain state after a full 

demagnetization process shows an aligned stripe domain pattern independent of the alternating 

magnetic field orientation (except in the case of a virtually perfect OOP field alignment).  

In order to evaluate the dependency of the domain size on N  (or on the total magnetic 

thickness), 2D-FFT of the MFM images after an IP demagnetization process were calculated 

using periodic boundary conditions. Linear profiles crossing k (0,0) were then extracted in order 

to evaluate the domain periodicity λ, with the spatial frequency k0 (µm-1) being defined as the 

center of the fit to a Gaussian curve as well the deviation Δk0 (µm-1) in terms of its FWHM. Fig. 

7(c) displays the domain periods λ as a function of Co/Pt bilayer repetition, where λ increases for 

as √  in accordance with Kittel’s law for stripe domains [2,30]. The red line in Fig. 7(c) 

corresponds to the fitting results obtained by using a power-law function with exponent ½.  

An additional feature that is visible in Figs. 6 and 7 consists in that the MFM domain 

contrast is also N-dependent, dramatically decreasing with N. This effect is mainly driven by the 

canting of the local magnetization induced by the IP reorientation for low N. Such a canting angle 

varies monotonously with N as indicated by the N-dependence of the in-plane remanence ratio 

Mr
IP/Mmax

IP  shown in Fig. 7(d). Samples with N > 20 exhibit a low IP remanence, arising mainly 

from the local magnetic moments confined inside the domain walls. This gradually increases 

when lowering N in the intermediate range (10 ≤ N ≤ 20), indicating a canting of the domain 
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magnetization towards the film plane. This behavior is in agreement with the appearance of the 

two low intensity regions along the otherwise high intensity rings into the 2D-FFT color-coded 

maps shown as insets in Fig. 6. Finally, for N < 10, the magnetization is fully in plane as 

indicated by the MFM images in Fig. 6. Similar observations of a thickness driven reorientation 

of the magnetization from IP to OOP (and vice versa) have been reported for numerous systems, 

including (0001) oriented Co films [5,6] as well as in multilayer structures with ultrathin bilayer 

units [67,68].  

In summary, we see that the applied field orientation β as well as the balance of magnetic 

energy contributions have a significant impact on the morphology of the remanent domain states: 

a full demagnetization processes may result in either aligned or randomly distributed stripe 

domain patterns, by simply changing either β or N. In the next section, we explore the viability of 

modulating the remanent magnetic domain configuration via minor loop cycling, as suggested in 

prior studies [48-50]. 

2. Manipulation of domain shapes  

Next, we aim towards achieving control of the remanent magnetic domain pattern structure in our 

[Co/Pt]N multilayers via minor loop cycling with the field applied along the OOP orientation. For 

this, a descending series of minor loops was applied to the sample with MFM images taken in 

between. Fig. 8(a) shows as (red) line normalized M/Mmax as a function of the positive reduced 

field h = μ0H / μ0HS
OOP data for the sample N = 20, with μ0HS

OOP being the OOP saturation field. 

The inset displays the MFM image7 of the remanent magnetic state after applying the maximum 

reduced field hm = 1.6. The resulting domain pattern is already quite different from the MFM 

image measured after the full OOP demagnetization process (Fig. 6). Indeed, the MFM 

measurement displayed in the inset of Fig. 8(a) is reminiscent of the elliptic bubble domains 

predicted by Thiele [33], consisting of randomly distributed short stripe domains. The absence of 

any global alignment is due to the external field possessing no significant IP component as well 

as its maximum strength being larger than μ0HS
OOPin the presence of nucleation hysteresis at high 

field. The remanent domain pattern established after applying hm = 1.6 has been selected as the 

                                                            
7 The MFM images displayed in Fig. 8 have been measured on different region of the samples, i.e., they do not 
correspond to the same sample area. 
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starting point for the entire minor loop investigations of each sample8. Setting hm = 1, the 

corresponding normalized magnetization curve plotted in Fig. 8(b) shows that the reversal still 

occurs as a first-order phase transition via nucleation of reverse domains. The inset shows the 

evolution of the remanent domain structure, in which some short stripes have split into bubble-

like domains. By further decreasing the reduced field strength to hm = 0.95, as shown in Fig. 8(c), 

the magnetization reversal curve does not show the first order reversal behavior anymore, 

indicating that the magnetization mechanism here is mainly occurring via domain wall motion. 

By describing the curve along the ascending part, the domains magnetized opposite with respect 

to the external field get linearly smaller in width to form disordered stripes while increasing h, 

before splitting in their length at sufficiently high field, thus transforming into isolated bubbles. 

By then decreasing the field back to h = 0, the magnetic state consisting of bubbles and short 

stripes at h = hm is imprinted in the remanent domain pattern as noticeable in the inset of Fig. 

8(c). This is due to the magnetostatic repulsion of the presumably high density of domains at hm, 

preventing them from merging to extended stripe domains.  

In order to further investigate the effect of magnetic history on the remanent domain 

morphology, and in an attempt to better target the optimal field value hm maximizing the 

magnetic domain density, a series of MFM images at remanence were measured after applying 

one complete magnetization loop of amplitude hm. The amplitude hm was progressively decreased 

in steps of 0.05 down to 0.6 for each sample. For comparison between datasets, the tip-sample 

distance was fixed at 40 nm and the color-code scale fixed at 0.5° (phase shift) in all MFM 

measurements. The signal contrasts of different remanent state images exhibit no change, which 

means that the intensity of the surface stray field has also not changed within each sample. As 

visible in Figs. 8(d)-(f), while the hm values are confined in a field range corresponding to the 

nucleation hysteresis of the major loop, by decreasing the minor loop amplitude the shortened 

stripes collapse into bubbles arranging themselves into a quasi-hexagonal lattice as indicated in 

the top-left inset of Fig. 8(f). By further decreasing hm, the minor loop extension slowly recedes 

from the nucleation hysteresis of the major loop, and consequently less stripe domains reach a 

                                                            
8 Each minor magnetization loop was performed in the following way: starting from remanence (h=0, after having 
performed a full major magnetization loop) the field strength is first increased to its maximum value hm, then 
reversed down to -hm, increased up again to hm and finally reduced back to 0. At this last point the remanent MFM 
images were recorded. 
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sufficient opposite magnetic field in order to pinch into bubble domains and thus are preserving 

the stripes-like geometry at remanence, as shown in Figs. 8(g) and (h).  

Considering the MFM images displayed in Figs. 6 and 7, we can expect that the magnetic 

domain period as well as its morphology is determined by the long-range and short-range 

competing interactions, whose ratio is varied by changing N. Moreover, the minimum diameter of 

individual bubbles as well as its ratio with respect to its domain wall width strongly depend on 

the balance between anisotropy and the magnetostatic energies [33,40]. Therefore, in order to 

further explore the formation of a bubble lattice at room temperature, the above described minor 

loop investigation has been performed as a function of the number of Co/Pt repetitions N to 

investigate the role of the thin film magnetostatic energy for the modulated phase. Fig. 9 shows 

the full remanent MFM characterization for the samples with 14 ≤ N ≤ 30 as a function of the 

reduced field hm. The samples with small N were excluded from this investigation due to the 

absence of a first order nucleation of domains, which should prevent the formation of isolated 

domains at remanence. 

The choice of N and hm has a profound impact on the remanent domain pattern 

morphology, thus setting up a way for the effective manipulation of high-density bubble-like 

domain lattices. We find the field range of 0.70 ≤ hm ≤ 0.85 to be the optimal setting in order to 

stabilize remanent domain patterns which consist of bubble-like shaped domains, whereas for 

higher and lower h m  those domains tend to interconnect into more elongated stripes. However, 

the samples with a low number of Co/Pt repetitions N (especially N = 14) even in the optimal 

magnetic field range, exhibit a majority of domains adopting a stripe-like shape instead of the 

bubble-like. The observation of an increased number of elongated domains while decreasing N at 

a fixed valued of hm is mainly caused by a thickness driven reorientation transition towards an 

easy-plane behavior, as it was observed when analyzing the VSM data. Therefore, for small N, 

slight misalignments of the magnetic field direction with the OOP orientation introduces, as 

corroborated in Fig. 6, a preferential IP direction along which the domain patterns align. In the 

case of Co/Pt multilayers with higher N values, decreasing hm below the nucleation hysteretic 

field range causes the number of stripe-like domains to increase substantially as can be seen in 

Fig. 9 for hm < 0.7 and 20 ≤ N ≤ 30. Indeed, by performing a full demagnetization process, i.e. hm 

= 0, all isolated magnetic domains merge into very-long connected domains that form a maze-

like pattern, as displayed in Fig. 6.  
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For all measurements in Fig. 9, we defined the remanent domain density ρ as the number 

of domains per 100 µm2 area. Calculated values of ρ are indicated within the inset of the MFM 

images shown in Fig. 9, where ρ values are seen to range in about an order of magnitude, 

between 200 and more than 2000. In addition, the specific dependence of ρ on hm is displayed in 

Fig. 10 for samples with N ≥ 14. For all samples shown here, the density of domains for hm < 0.5 

is relatively small; however, by further increasing hm,  ρ increases significantly up to its 

maximum value ρmax. Beyond this point, the density decreases again and reaches values close to 

zero at and above saturation for low N  16 [Figs. 10(a) - (b)], but keeps high offset values for N  

≥ 18 [Figs. 10(c) - (i)]. Indeed, as the inset MFM images in Figs. 10(a) - (i) show for hm = 1.6, the 

remanent domain pattern consists of very long stripe domains for N = 14 and 16 showing a 

zigzag structure that might be induced due to magnetic tensile strain originating from the slight 

misalignment of the magnetic field direction with respect to the surface normal [11]. 

Nevertheless, for N ≥ 18, the remanent domain patterns for hm = 1.6 are characterized by a mixed 

state made of short stripes and bubbles, whose density increases considerably with respect to the 

low-N cases. This change of the remanent domain pattern after applying hm > 1 can be ascribed to 

the IP reorientation transition occurring for samples with N  18. A considerable in-plane 

component of the magnetization may be responsible for the increased length of domains and 

consequently for the change in their morphology.  

The optimal reduced field stabilizing the highest density of domains at remanence was 

determined by fitting the experimental data in Figs. 10 (a)-(i) to the bi-Gaussian function: 

 

 

 

(1) 

with hmax being the reduced field at which the highest density is found. Hereby, the offsets , 

the peak widths wi, the scaling factor Ai (i=1 ,2) and hmax were utilized as fit parameters, with the 

constrain + A1 = + A2 (continuity at the peak). Figs. 10 (a)-(i) shows the fitting results as 

red solid lines in direct comparison to the experimental data. In each case, an excellent agreement 

has been found between the experimental data and the least-squares fit according to Eq. (1). The 

extracted values for hmax together with the associated errors estimated from the fits are shown in 

Fig. 10(j) as a function of N. Despite small variations in between the extracted optimal reduced 
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fields for the samples, all hmax values are consistent within their average value hmax = 0.80 ± 0.07 

that has been determined from the experiments and in agreement with earlier estimates for N = 50 

[49]. 

 With the purpose of summarizing our experimental results in a global picture, we have 

used the maximum density values ρmax extracted from the MFM images in Fig. 9 in order to build 

a N - hm remanent state phase diagram, which illustrates the measured magnetic domain densities 

at remanence. In the density map, which is displayed as a color-coded plot in Fig. 11(a), the 

maximum domain density for any investigated sample is reached in the region 0.70 ≤ hm ≤ 0.85. 

Moreover, it can be clearly seen that the maximum domain density is observed for 18 ≤ N ≤ 20. 

In fact, the maximum value ρmax is observed for (N ,hm) = (18 ,0.80), where we have obtained a 

value of 2274 ± 160 domains per 100 m2. In addition, there are two predominant magnetic 

configurations that consist of stripes and bubbles. The former configuration changes its 

morphology depending on the number of Co/Pt repetitions, because of the change in the energy 

landscape. For both high N and hm, the samples show at remanence short stripe domains whereas 

by substantially decreasing the reduced field the domains increase their length forming labyrinth 

domains. On the other hand, for low N values, canted short stripe domains have been measured 

for a large range of hm strength. Importantly, the region of the map with the highest number of 

domains corresponds in majority to bubbles. In fact, our phase diagram in Fig. 11(a) suggests that 

the morphological stripe-bubble magnetic transition is accompanied by a significant enhancement 

in the domain density. In Fig. 11(b), the maximum density ρmax is plotted as a function of N. 

From here, one can observe that when the number of Co/Pt repetitions approaches 18 ≤ N ≤ 20, 

the domain density at remanence maximizes. By combining our experimental data with that in 

Ref. 49, a more complete tCo - N color-coded domain density map can be constructed, which is 

shown as a color coded map in Fig. 11(c). At the fixed number of Co/Pt repetitions N = 50, a 

strong increase of the remanent domain density at a thickness of tCo ~ 3 nm corresponding to 

1200 domains per 100 m2 was found [49]. However, one can additionally see from the outcome 

of our experiments that via decreasing the number of Co/Pt repetitions, the density of domains 

can be further increased up to the value of ρ = 2274 ± 160 domains per 100 m2 for N = 18 [see 

Fig. 11(b)]. As previously pointed out, the domain density decreases again for N < 18, as a result 

of the gradual IP reorientation transition of magnetization.  
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Finally, we have also estimated the fundamental length scales of the bubble-like domain 

lattices stabilized in our [Co/Pt]N multilayers. Fig. 11(d) displays the characteristic nearest 

neighbor distance D between bubbles as a function of the average bubble radius r, the definition 

of both being schematically defined in the inset of the figure. We see that by reducing the number 

of Co/Pt repetitions, the average bubble radius decreases monotonically, in good agreement with 

previous findings on garnet systems [69]. This property allows the system to arrange more and 

more bubbles along a given line by reducing their peak-to-peak distance D. Also the estimate of 

the bubble size at N = 50 (radius of about 75 nm [49]) agrees well with the trend shown on Fig.11 

(d). 

IV. Conclusions 
In this paper, we have successfully fabricated [Co( 3.0nm)/Pt ( 0.6nm)]N multilayer films with a 

magnetic easy axis perpendicular to the film plane and narrow c-axis dispersion. The room 

temperature magnetometry measurements for the sample with N = 30 reveal the presence of two 

very different magnetization reversal processes depending on the applied field angle β, namely an 

instability-driven process leading to the generation of stripe domains for β values near IP field 

orientation and a nucleation domain process near OOP field orientation that is hysteretic in 

nature. Our N-dependent study shows a gradual shrinking of the nucleation regime, so that at 

sufficiently low N only the instability-driven second-order phase transition occurs for all angles 

β. The disappearance of the nucleation regime is driven by the strong thickness dependent 

balance between magnetic anisotropy and magnetostatic energies and occurs before the effective 

OOP anisotropy energy becomes too weak to support a stripe domain state altogether, i.e. it 

occurs while the stripe domain instability is still dominating the magnetization reversal process. 

By further reducing the number of Co/Pt repetitions below N < 10, we observe a characteristic 

easy-plane magnetization behavior. Furthermore, the evolution of the samples remanent magnetic 

domain structures with magnetic field history was explored by magnetic force microscopy. It was 

found that the remanent domain configuration can be gradually transformed from stripes to 

bubbles after applying different magnetic field sequences along the out-of-plane direction. This 

magnetic transition was identified by mapping out the density of the domains as a function of 

reduced field hm and N. The resulting MFM data shows the magnetic transition with the 

occurrence of a region of a high-density bubble domain remanent state for 0.70 ≤ hm ≤ 0.85 and 
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18 ≤ N ≤ 20. The domain density in this region is significantly enhanced to ~ 2300 domains/100 

m2. The present work provides therefore a feasible approach for manipulating magnetic domains 

in Co/Pt multilayer film by finely adjusting the magnitude of the previously applied external 

magnetic field strength and the energetic landscape of the system. Furthermore, it is shown that 

the evolution of the domain structure can be controlled, which provides the possibility of 

manipulating magnetic domains with the applied field, for possible applications in spin-electronic 

or logic devices. Lastly, the demonstrated feasibility of tuning r and D by changing the number of 

Co/Pt repetitions, while at the same time keeping their morphology constant, may resemble a 

lithographic patterning process for creating two-dimensional dot or anti-dot lattices of varying 

dimensions. As for the samples presented here, the periodicity of the magnetic modulation as 

well as the modulation itself can be tuned and controlled by the strength of the external applied 

field and its orientation. This novel approach of all-magnetic patterning can prove useful in order 

to fabricate novel devices such as magnonic crystals [70]. Therefore, the thick Co/Pt multilayer 

systems presented here could constitute a relevant building block to be employed in magnonic 

devices in order to achieve specific and field-reconfigurable spin wave propagation and 

dispersion relations. Given the generality of our observations we expect that our findings might 

extend to many different ferromagnetic materials that exhibit a strong competition between long- 

and short-range interactions. 
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Figure Captions: 
Fig. 1 (color online) (a) XRR ω/2θ scans for different samples with Co/Pt repetitions 6  ≤  N ≤  

30. The inset shows a schematic of the layer growth sequence for the sample type explored in this 

study. (b) XRD θ/2θ measurements of the same samples as in (a): each scan has been normalized 

to the intensity of its Si (400) substrate peak. (c) XRD θ/2θ scan for the sample N = 30, which 

shows only Pt (111), Co/Pt*1 and its satellite peaks n, as well as the corresponding second order 

diffraction peaks, in addition to the Si (200) and Si (400) substrate signals. The indexing in (c) 

serves as reference for the scans displayed in (b).  

Fig. 2 (color online) (a) Average total thickness of the single Co/Pt bilayer tCo+Pt vs. N as obtained 

from XRR measurements. The (red) dashed line indicates the nominal tCo+Pt = 3.6 nm. (b) 

Average out-of-plane interplanar distance dCo+Pt, of the Co/Pt heterostructure vs. N. The (blue) 

dashed line and the (red) dotted line indicate the Pt (111) and Co (0002) interplanar distances, 

respectively. (c) FWHM of the rocking curve measurements performed at the Pt (111) diffraction 

angle as a function of N. (d) FWHM of the rocking curve measurements performed at the Co/Pt* 

heterostructure diffraction peak1 as a function of N. 

Fig. 3 (color online) (a)-(m) VSM room temperature magnetization reversal curve measurements 

with the applied field along the IP (black) and OOP (red) directions for the entire set of [Co/Pt]N 

samples. The data are normalized to its maximum value Mmax in each case. (n)-(q) Zoomed-in 

view of the OOP magnetization reversal curve for four selected samples with (n) N = 6, (o) 14, 

(p) 22 and (q) 30. (r)-(s) N-dependence of the OOP-saturation magnetic field μ0HS
OOP (red 

circles), the nucleation magnetic field µ0Hn
OOP

 (light blue triangles) and IP saturation magnetic 

field µ0Hs
IP. 

Fig. 4 (color online) ΔM/Mmax (color-coded) maps as a function of field angle β and strength μ0H 

measured for different samples with 8 ≤ N ≤ 30 as indicated in each map. The scale (color code) 

is defined in the figure. β = 0° corresponds to H applied along the surface normal (OOP), β = 90° 

refers to IP field orientation. The ΔM/Mmax values are defined as the difference between the 

ascending and descending branches of the magnetization curves. 
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Fig. 5 (color online) ΔM/Mmax (color-coded) maps as a function of field strength μ0H and number 

of Co/Pt bilayers N for applied field angle values (a) β = 0° and (b) 90°. The scale (color code) is 

defined in the figure. 

Fig. 6 (color online) Remanent MFM images recorded after the OOP demagnetization process as 

a function of N. The same color scale (gray code) is used for all the images, as defined in the 

figure for the sample N = 8. The insets display the normalized to the maximum two-dimensional 

fast Fourier transform of the MFM image shown in the same figure. The same scale (color code) 

is used for all the 2D-FFT images, as defined in the inset of the figure for the sample N = 8. 

Fig. 7 (color online) Remanent MFM images measured after the IP demagnetization process for 

the samples with (a) N = 30 and (b) N = 10. The scale (gray code) is defined in each figure. (c) 

shows the magnetic domain periodicity λ as a function of N (black squares) together with the 

results of the fitting procedure by a power-low function. (d) displays the N-dependence of the in-

plane remanence ratio Mr
IP/Mmax

IP  together with schematics indicating the remanent magnetic state 

in the three different regions. 

Fig. 8 (color online) VSM room temperature magnetization reversal curve measurements along 

the OOP field direction for the sample with N=20. Hereby, the magnetization is normalized to the 

maximum value Mmax, whereas the magnetic field values are divided by μ0HS
OOP. In (a) the full 

VSM major loop is displayed with the inset showing the remanent magnetic domain 

configuration after the field hm = 1.6 × μ0HS
OOPwell above saturation was applied. (b)-(h) show 

VSM minor loops where the externally applied magnetic field does not exceed hm = γ × μ0HS
OOP, 

with γ = [1.00 (black, b), 0.95 (magenta, c), 0.90 (blue, d), 0.85 (gold, e), 0.80 (blue, f), 0.75 (royal, 

g), 0.70 (green, h)]. Each inset shows the remanent magnetic domain configuration after the 

corresponding hm was applied. Moreover, the complete magnetization reversal curve displayed in 

(a) is also plotted as dashed (red) line in (b-h) for reference in the background. The left inset in (f) 

shows a zoomed area of the MFM images depicted on the right-hand side, with a hexagonal-like 

lattice illustrated schematically. 

Fig. 9 (color online) Remanent MFM images measured as a function of N and the reduced 

magnetic field strength hm. Each MFM image covers a 2 × 2 µm2 area. The scale (grey code) is 
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the same as in Figs. 6 and 7. The number at the corner of each MFM image refers to the magnetic 

domain density ρ (number of domains per 100 microns square) at remanence (see main text). 

Fig. 10 (color online) (a)-(i) Normalized remanent magnetic domain density ρ as a function of hm 

and for 14 ≤ N ≤ 30. The (red) solid lines represent the least-squares fits to Eq. (1) for each of the 

sample data sets. The insets in each figure display 3×3 µm2 MFM images, which were measured 

after applying hm = 1.6. (j) reduced magnetic field corresponding to the maximum remanent 

magnetic domain density hm[ρmax] as a function of N. The (red) dashed line indicates the 

weighted average. 

Fig. 11 (color online) (a) Color-coded map of the magnetic domain density at remanence as a 

function of hm and N. The scale (color code) is defined in (c). (b) Maximum domain density ρmax 

as a function of N. (c) Color-coded map of the maximum magnetic domain density at remanence 

as a function of N and the thickness of the individual cobalt layers tCo. The data corresponding to 

N = 50 is adapted from [49], whereas the data for (31 ≤ N ≤ 50, tCo = 3.0 nm) are a linear 

interpolation based on both studies. The insets illustrate two areas covered by only bubble-like 

domains for the samples N = 30 (inset I) and N = 20 (inset II), with the arrows referring to the 

local orientation of the magnetization either up (yellow arrow and black color) or down (green 

arrow and white color). The z-dimension has been artificially created while assuming the absence 

of depth dependence domain shape modulation. (d) Average nearest neighbor distance between 

bubbles D, plotted as a function of bubble radius r. The schematic inset shows the definition of 

the quantities plotted in (d). The number accompanying the data-points in the plot is the 

repetition number N of Co/Pt multilayer system. 
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