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Abstract 

We studied i) a set of three Co:Au continuous films, grown by sputtering co-deposition (~ 80 nm 

thick) and concentration ratio 2:1, 1:1 and 1:0 (i.e., a pure Co film was also included) and ii) a 

corresponding set of antidot arrays, produced by nanosphere lithography with the same hexagonal 

pattern (nominal lattice periodicity ~ 520 nm). The morphological and magnetic properties of the 

samples were investigated by combining atomic force (AFM) and magnetic force (MFM) 

microscopy and SQUID magnetometry. This study allowed a twofold aim to be fulfilled: to gain 

information on the magnetism of the CoAu compound (saturation magnetization, effective in-plane 

and out-of-plane anisotropy, exchange stiffness constant, magnetostrictive behavior) and to directly 

compare the magnetic properties of the continuous and patterned samples. The continuous films 

showed markedly different magnetic domain structures and hysteresis loops, ruled by the interplay 

between different anisotropy terms (magnetocrystalline, magnetoelastic, shape). The Co1Au1 film 

was anisotropic in the plane, whereas Co2Au1 and Co were isotropic in the plane and showed an 

out-of-plane magnetization component. In particular, a regular stripe domain configuration was 

observed in Co2Au1, resulting in a  transcritical hysteresis loop. A key role in determining these 

magnetic properties was ascribed to the magnetoelastic anisotropy term. Unlike the continuous 

films, the antidot arrays showed a similar hysteretic behavior and important similarities in the spin 

configuration were pointed out, in spite of the different composition. We argue, also based on 

micromagnetic simulations, that this occurred because the nanopatterning enabled a local 

modification of the shape anisotropy term, which became the dominant one, thus greatly affecting 

the anisotropies interplay and smoothing out the magnetic differences observed in the continuous 

films.   

 

Keywords: Magnetic anisotropy, nanopatterning, antidot arrays, CoAu films, stripe domains, 

micromagnetic modelling  
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1. Introduction  

 

In the field of magnetic materials, the design of innovative systems and devices is inextricably 

linked to the possibility of assessing and tuning the magnetic anisotropy, which refers to the 

existence of preferred magnetization directions [1, 2, 3, 4, 5, 6, 7]. The magnetic domain 

configuration as well as the hysteretic behavior of a magnetic system and the related properties - 

coercivity, remanent magnetization and squareness ratio, which ultimately determine the possible 

technological application – depend on the macroscopic magnetic anisotropy. In turn, in many cases, 

the latter arises from the complex interplay among different anisotropy contributions, the principal 

ones being: i) the magnetocrystalline term, related to the crystallography of the material; ii) the 

magnetoelastic term, originating from the coupling between mechanical stress and magnetization, 

and iii) the shape term, strictly connected to the magnetostatic energy of the system [8].  

Given a magnetic system with a fixed chemical composition, the shape anisotropy appears as the 

type that can be more easily tailored through a proper design of the morphological features, whereas 

the magnetocrystalline term can be modified, to some extent, by varying the crystallinity degree. 

For instance, it is known that in amorphous or nanocrystalline materials the magnetocrystalline 

anisotropy can be strongly reduced, compared to the coarse-grained counterparts, and even almost 

annihilated [9, 10, 11].  In the case of magnetostrictive materials, magnetoelastic anisotropy may 

arise due to the action of an internal mechanical stress caused by the production process. For 

instance, this occurs in metallic glasses prepared by ultrarapid quenching [12, 13 ,14] as well as in 

materials subjected to mechanical milling [15, 16, 17]. In thin films a mechanical stress can be 

produced because of the bonding with the substrate [18]. Hence, the magnetoelastic anisotropy can 

be varied by controlling the field of internal and applied stresses acting on the system [19, 20, 21], 

an approach that appears especially promising in the case of layered materials grown on flexible 

substrates [22, 23].   

Nowadays, thanks to the impressive advances in deposition and lithography techniques [24], a 

control of the morphological characteristics of a magnetic system can be achieved even at the 

nanoscale, which meets the growing demand for the miniaturization of magnetic devices (magnetic 

sensors, high-density data storage media) [25]. The nanopatterning of a continuous film, namely the 

creation of periodic arrays of nanosized dots or antidots (holes), may alter the different anisotropy 

contributions and, hence, the interplay among them. A modulation of the shape anisotropy can be 

induced by nanopatterning [26, 27] and the internal stress field may be also modified, thus affecting 

the magnetoelastic term. Moreover, the magnetostatic interactions among the nanoelements (dots or 
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antidots) can give rise to a configurational anisotropy, related to the symmetry of their underlying 

periodic lattice [28, 29, 30].  

In short, the tailoring of size, shape and spatial density of the nanoelements enables a suitable 

modification of the magnetic properties of the continuous film counterpart [31, 32, 33, 34, 35, 36].  

Hence, it is well demonstrated that, given a set of continuous films with the same magnetic 

behavior, they can be magnetically diversified by realizing different patterns. However, also the 

reverse may be true: given a set of continuous films with markedly different magnetic properties, 

they can be made magnetically similar by drawing the same pattern.   

This article focuses just on this second aspect, that has been almost never addressed before, 

although it also represents a way of controlling the magnetic anisotropy, actually.  

We studied a set of three Co:Au continuous films grown by sputtering co-deposition - having 

similar thickness (~ 80 nm) and different concentration ratio, so as to include also a pure Co film – 

and a corresponding set of antidot arrays, produced by nanosphere lithography using the very same 

scheme.  

It is worth remarking that the study of alloys and intermetallic compounds of Au with the magnetic 

3d elements is of great scientific interest both for the synthesis aspects and for elucidating the 

physical properties (magnetic, magneto-optical, magneto-plasmonic, catalytic) and envisaging 

prospective technological applications [37, 38, 39, 40, 41, 42]. 

Indeed, the aim of our research work – pursued by combining SQUID magnetometry results and 

atomic and magnetic force microscopy observations - was twofold and, accordingly, the article is 

substantially divided in two parts. In the first part, the continuous films are addressed, which 

exhibited a variety of hysteretic properties and magnetic domain configurations. Our study allowed 

us to assess the magnetization of the films, the effective macroscopic anisotropy and to gain  

information on the magnetostriction and exchange stiffness of the CoAu compound, thus expanding 

the knowledge on this particular system. Although it was virtually impossible to disentangle and to 

estimate the competing anisotropy contributions in the films, the magnetic results highlighted the 

crucial role of a magnetoelastic term  in determining the overall magnetic behavior. The second part 

of the article deals with the morphological and magnetic properties of the antidot arrays. We will 

demonstrate, also with the important support of micromagnetic simulations, that the drawn pattern, 

by raising the shape anisotropy term over the others, induced a similar spin arrangement in the three 

samples, which resulted in a similar hysteretic behavior.   
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2. Experimental 

 

A set of three continuous films was deposited at room temperature on natively oxidized (100)-

silicon substrates by magnetron sputtering technique: i) a film with Co:Au concentration ratio 1:1, 

labelled as Co1Au1; ii) a film with Co:Au concentration ratio 2:1, labelled as Co2Au1 and iii) a Co 

film. In the employed custom built sputtering apparatus, the Co and Au targets were tilted of  30° 

with respect to the axis normal to the sample plane, allowing a simultaneous deposition of the two 

metals.  A rotating sample-holder was employed, grounded to the deposition chamber, so as to favor 

a uniform coverage of the substrate. Argon was the process gas (working pressure = 510-3 mbar) 

and the deposition rate was  1.5 Å/s.  

The nominal thickness of the three films was (80  5) nm; the exact composition of the CoAu films 

was determined by Rutherford Backscattering Spectrometry (Table 1).  

The patterned samples were fabricated by nanosphere lithography, a well-established and powerful 

method for the manufacturing of nanostructures [43, 44]. In particular, antidot arrays were produced 

by a standardized procedure, described in more detail elsewhere [45, 46, 47], based on four steps: 1) 

preparation of a colloidal mask by self-organization of polystyrene nanospheres in a 2D hexagonal-

close-packed  lattice;   2)   reactive  ion   etching,  leading to  a  reduction of  the  diameter  of  the 

 

Table 1. The data are relative to the continuous films labelled as indicated in Column 1. 

Columns 2 and 3: Co and Au content. Column 4: saturation magnetization MS measured at 
T = 300 K. Column 4: shape anisotropy coefficient. Columns 5 and 6. Effective in-plane 

(IP) and out-of-plane (OP) anisotropies estimated through the analysis of the hysteresis 
loops in Fig. 1. Column 7:  Q parameter.  

 

Films Composition MS 

(emu/cm3) 

Kd 

(erg/cm3) 

 

 

KIP 

(erg/cm3) 

KOP 

(erg/cm3) 

Q = 

KOP/Kd 

Co 

(at.%) 

Au 

(at.%) 

Co1Au1 

 

53 ± 1 47 ± 1 520 ± 30 (2.0 ± 0.2)  

106 

(2.0 ± 0.1)  

106 

- - 

Co2Au1 

 

68 ± 1 32 ± 1 740 ± 40 (3.4 ± 0.4)  

106 

(3.5 ± 0.2)  

106 

(1.11 ± 0.05)  

105 

 0.03 

Co 

 

0 100 1230 ± 50 (9.5 ± 0.8)   

106 

(8.6 ± 0.6)  

106 

(2.6 ± 0.4)  106  0.3 
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nanospheres and, thus, opening the gaps between them; 3) sputtering deposition of the desired 

material through the mask; 4) removal of the mask, so that the remaining deposited material reflects 

the symmetry of the open spaces between the nanospheres of the mask.   

The nominal initial diameter of the commercial nanospheres (micro-Particles GmbH, Germany), 

which determined the period of the pattern, was (522  12) nm . The etching treatment was carried 

out under an Ar–O2 atmosphere (30% Ar and 70% O2) at a total pressure of ~ 37010-3 mbar for 7 

minutes. After this process, the average diameter of the nanospheres was (280  9) nm, as estimated 

by scanning electron microscopy (SEM) observations [47].  

For each composition (Table 1), the 80-nm thick continuous film and the antidot array were grown 

during the same deposition process, on silicon substrates belonging to the same batch and fixed on 

the same rotating sample holder. 

Atomic force (AFM) and magnetic force (MFM) characterizations were performed with a Bruker 

Multimode V Nanoscope 8 microscope, equipped with CoCr coated MESP-HR tips, in intermittent 

contact mode, at a lift scan height of 35 nm. For all images, samples were brought to magnetic 

remanence after in-plane saturation.   

For the magnetic measurements, all the samples were cleaved according to the crystallographic 

orientation of the substrate, so as to obtain pieces of about (5 × 5) mm2. 

Hysteresis loops were measured on the continuous films at T = 300 K using a superconducting 

quantum interference device (SQUID) magnetometer (maximum applied field H = 50 kOe). The 

loops were corrected for the diamagnetic contributions of the Si substrate.  

Micromagnetic simulations were carried out using MuMax3, a GPU-accelerated micromagnetic 

simulation program developed at Ghent University [48].   

 

 

3. Results and discussion 

 

3.1 Magnetic properties of the continuous films 

The values of MS measured at T = 300 K on the continuous films are reported in Table 1. Within the 

errors, they are consistent with those we measured in films with thickness of ~ 30 nm and same 

compositions, sputtered using the same deposition parameters, as we reported in a previous article 

[40].  Based on this result, we inferred that the structural properties of the 80-nm thick CoAu films 

did not differ substantially from those of the thinner films. The latter ones exhibited an amorphous-

like structure and consisted of a prevalent CoAu alloyed phase and of segregated cobalt in form of 

structurally disordered ultrafine particles ( 2 nm in size) dispersed within the CoAu matrix; it was 
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also found out that the percentage of Co in the alloy and the fraction of segregated Co increased 

with increasing the Co:Au ratio [40, 41].  

Figure 1. For each of the three investigated continuous films, the in-plane (IP) and out-of-

plane (OP) hysteresis loops (normalized to the saturation magnetization MS) and the MFM 
image (taken at the in-plane magnetic remanence) are displayed along a single row. Frames 

(a), (b) and (c) refer to Co1Au1, frames (d), (e) and (f) refer to Co2Au1 and frames (g), (h) 
and (i) to pure Co. (Colors on-line only; 2-column fitting image).  
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The Co film was nanocrystalline with a dominant hcp structure [49], as it is quite usual for sputtered 

pure Co layers [50].    

Magnetic hysteresis loops were measured on the films at T = 300 K: the magnetic field H was 

applied along two in-plane (IP) orthogonal directions corresponding to the sides of the sample and 

along the normal to the sample plane (out-of-plane, OP); in all the three cases, the magnetization 

along the direction of H was recorded. The loops are displayed in Fig. 1 as normalized to the 

saturation magnetization MS. Moreover, for each film, typical MFM images, taken at the in-plane 

magnetic remanence, are also shown in Fig 1.   

The magnetic behavior of sample Co1Au1 is clearly anisotropic in the plane (Fig. 1a). The direction 

corresponding to the high-remanence loop is a preferential magnetization axis of the sample, 

conventionally indicated as the 0° direction; accordingly, the 90° direction is a hard magnetization 

axis. The OP loop features a linear anhysteretic trend up to saturation, which indicates that the 

magnetization vector lies in the film plane and no perpendicular magnetization component exists 

(Fig. 1b). This is also confirmed by the MFM analysis in Fig. 1c showing a uniform contrast.  

The loops measured on Co2Au1 are shown in Fig. 1d-e. The film is isotropic in the plane. The shape 

of the IP loops is characteristic of the so-called transcritical hysteretic behavior. This refers to a 

particular magnetization process involving IP and OP components of the magnetization, typically 

observed in films with a stripe domains magnetic structure [51, 52]. As a matter of fact, the OP loop 

shows hysteresis at low H values, indicating the existence of a OP magnetization component and 

the MFM image definitely confirms the existence of dense stripe domains (Fig. 1f).        

The Co film is isotropic in the plane and magnetic hysteresis is observed both in-plane and out-of-

plane, indicating that an OP component of the magnetization does exist (Fig. 1g-h). The magnetic 

contrast of the corresponding MFM image, in Fig. 1i, is indicative of a very complex magnetic 

configuration, certainly consistent with the existence of a perpendicular anisotropy contribution.    

Hence, the three films show completely different magnetic structures, resulting in different 

hysteretic behaviors.  

 

For a magnetically saturated thin film, the magnetostatic energy density can be expressed as Ems = 

½NDMS
2sin2, where ND is the demagnetizing factor along the direction orthogonal to the plane of 

the film and is the angle that the MS vector forms with the plane of the film. In a thin film, ND 

assumes the maximum possible value of 4and therefore the magnetization vector is forced to lie in 

the plane,in order  to  minimize Ems; hence, the shape anisotropy  is  expressed by  the  coefficient  

Kd = 2MS
2 [8]. Based on the value of MS, we have calculated Kd for the three samples (Table 1).  
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It is known that cobalt is a magnetostrictive material [8] and, as we also inferred from our previous 

study on the 30-nm thick films [40], the CoAu alloy is likely to possess the same property, possibly 

depending on the Co and Au relative concentrations (no information can be found in literature on 

this respect). Moreover, it is well known that sputtered films can be subjected to a residual 

mechanical stress, due to extrinsic factors (for instance, the mismatch in the thermal expansion 

coefficients of the film and of the substrate) and to intrinsic factors (growth processes, grain 

structure, substitutional or interstitial impurities) [18]. Hence, the existence of magnetoelastic 

anisotropy must be considered, whose coefficient is expressed by the relation Kme = 3/2Swhere 

S  is the magnetostriction and is the stress; the magnetoelastic anisotropy energy density is Eme = 

Kmesin
2 being the angle between the stress axis and the magnetization vector [8].    

The in-plane anisotropy KIP of the three films can be estimated by considering the OP hysteresis 

loops in Fig. 1b-e-h. For easiness, they are shown together again in Fig. 2, where the first quadrant 

of the M/MS vs H plot is displayed. Based on the Stoner Wohlfarth model, the field at which the OP 

magnetization curve presents a knee corresponds to the anisotropy field HK = 2KIP/MS.  The values 

of KIP are reported in Table 1. They are very close to the Kd values, namely the effective in-plane 

anisotropy is the shape anisotropy, as expected. Similarly, for the Co2Au1 and Co films, we can 

estimate the out-of-plane anisotropy KOP  by considering the IP hysteresis loops, in Fig. 1d-g. In the 

case of Co2Au1, the value of HK corresponds, as before, to the field where the M/MS vs H curve 

exhibits the marked knee. For the Co film, HK is not exactly defined. We can assume that it roughly 

corresponds to the field where the two branches of the hysteresis loop join together.   
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Figure 2.  Out-of-plane hysteresis loops for the three continuous films, already shown in 

Fig. 1. The first quadrant of the M/MS vs. H plot is displayed. 
(Colors on-line only; 1-column fitting image). 
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The calculated values of KOP are reported in Table 1 together with those of Q = KOP/Kd. This last 

parameter plays an important role in the description of the magnetic configuration of thin films [53]. 

In the Co1Au1 film, the magnetization vector lies in the film plane because of shape anisotropy, 

whereas the existence of a preferential in-plane magnetization direction can be ascribed to the 

magnetoelastic anisotropy.  The magnetocrystalline anisotropy can be disregarded in both the CoAu 

films, as they are substantially amorphous [40, 41].  The existence of a magnetoelastic term implies 

that a non-uniform stress distribution is settled in our films, so that the average stress along two 

orthogonal directions may be different. We achieved a similar conclusion also in our previous study 

relative to similar CoAu films with smaller thickness [40]. Despite several models on the 

mechanical properties of film-substrate systems assume a spatial stress uniformity [54], a non-

uniform stress distribution is much more likely to occur in practice [55] due, for instance, to non-

ideal isotropic structural properties of the substrate.  

In the Co2Au1 film, a stripe domain pattern is observed. In principle, a thin film with a weak 

perpendicular anisotropy and Q < 1, would be spontaneously magnetized in plane. However, in 

order to reduce the total anisotropy energy, beyond a critical thickness the magnetization can 

periodically oscillate out of the plane, which gives rise to the stripe domain configuration. The first 

observation of this effect was reported by Saito et al., who studied NiFe films  with in-plane shape 

anisotropy and additional perpendicular stress anisotropy [56]. Since then, the same magnetic 

domain structure has been observed and studied in a number of different materials [57, 58, 59, 60, 

61], but very seldom in CoAu samples and, however, only for very low Au concentration [62].  We 

ascribe the existence of stripe domains in our Co2Au1 film to the competition between the shape 

anisotropy and a perpendicular anisotropy term, which necessarily must be magnetoelastic in 

nature. Hence, in the Co1Au1 film the magnetoelastic term is effective in the plane whereas in 

Co2Au1 it acts orthogonally to the plane.  

In the range of Q < 0.1, which is the case of the Co2Au1 film (Table 1), the critical thickness for 

stripe domains can be approximately calculated by the relation Dcr = 2(A/KOP)1/2, where A is the 

magnetic exchange stiffness [53]. The last parameter is unknown for the investigated compound, 

but it can be roughly estimated by assuming that Dcr corresponds to the thickness of the Co2Au1 

film. Under this assumption, a maximum value of A is calculated, actually. The result is A ~ 0.2 

erg/cm, namely the exchange stiffness in the Co2Au1 film is one order of magnitude lower 

compared to bulk cobalt (A = 3 erg/cm).    

The stripe width is expected to be of the same order of the film thickness when Q <  0.1 [53].  In 

quite good agreement with this general rule, the domain width estimated by the MFM analysis on 

the Co2Au1 film is (65  5) nm.  
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In the Co film, Q is smaller than one, but it is definitely larger than in Co2Au1 and KOP increases too 

(Table 1).  If KOP were purely magnetoelastic in Co as in Co2Au1, one would conclude that the 

absolute value increases with the cobalt content, which could suggest a plausible dependence 

of on Co. However, it is to be noted that the value of KOP in the Co film is of the same order of 

magnitude of the magnetocrystalline anisotropy coefficient of hcp cobalt (Kmc = 5 106 erg/cm3) 

and one order larger than in Co2Au1 (Table 1). This seems to indicate that a net perpendicular 

magnetocrystalline anisotropy also exists in the nanocrystalline Co film. Hence, the magnetoelastic 

and magnetocrystalline terms acting in the Co film cannot be disentangled, actually.   

We propose that the competition between the magnetoelastic and magnetocrystalline perpendicular 

anisotropy contributions, counteracted by the in-plane shape term, results in a wide distribution, 

both in direction and strength, of local anisotropies. This gives rise to the observed complex 

labyrinthine-type magnetic domain configuration (Fig. 1i). On the contrary, in Co2Au1, a more 

uniform perpendicular anisotropy results in a canonical stripe domain arrangement. However, in 

this film too, the peculiar darker features visible in Fig. 1f - which are not associated to any 

morphological characteristics of the film, as we verified by AFM – can be tentatively connected to 

spatial regions where  is markedly different compared to the average value, thus locally modifying 

the regular stripe configuration [63]. Indeed, this interesting effect deserves further investigation.   

 

 

3.2 Morphology and magnetic properties of the antidot arrays  

Typical AFM images relative to the patterned Co2Au1 sample are shown in Fig. 3. The AFM 

analysis on the other two arrays of antidots revealed  very similar morphologies. The antidots 

appear as circular black holes. Their arrangement presents topological defects, as visible in Fig. 3a. 

One can easily distinguish spatial regions (macroareas), separated by bright and relatively wide 

boundaries, with a different orientation of the hexagonal lattice. The effect is not unusual for 

samples prepared by nanosphere lithography since it depends on the degree of ordering of the 

nanospheres forming the mask [43]. 

The thickness of the magnetic film grown at the boundary of the macroareas was estimated by 

profiling along the green line in Fig. 3a, passing through the boundary and the bottom of a hole 

adjacent to it: the result is (65  5) nm. This value is  19%  smaller than the nominal thickness of 

the continuous Co2Au1 film. The same occurs for Co1Au1 and Co: the thickness of the film at the 

boundaries of the macroareas, in the patterned sample, differs from that of the continuous film  by ~  
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Figure 3. (a) AFM image of the Co2Au1 antidot array. The green and blue lines represent 
the profiles along which the thickness of the material has been measured. (b) Another 

portion of the same sample imaged at a higher magnification. The green square identifies a 
single hole with the six bright spots surrounding it. (c) Profile of the array along the blue 
line shown in (a), joining the saddle points. (Colors on-line only; 2-column fitting image). 

 

15-20%. This reduction is ascribable to shadowing effects induced by the nanospheres during 

sputtering deposition and by the adopted oblique-incidence deposition geometry [64, 65,  66]. 

The image in Fig. 3b, representing another portion of the same sample at a higher magnification, 

allows the details of the pattern to be better appreciated. In particular, around each black hole one 

can distinguish six bright spots (see, for instance, the region framed by the green square), 

interconnected by thin lines showing a weaker contrast. These features are consistent with the 

presence, around each hole, of six cusps connected by saddles, so that the final geometry is 

reminiscent of an egg box (except for the fact that, usually, egg boxes have a square lattice, instead 

of hexagonal).  

Profiling along lines joining the saddle points – an example of this is shown  in Fig. 3c for the blue 

line drawn in Fig. 3a - reveals that the periodicity of the pattern is ~ 500 nm (i.e. the initial diameter 

of the nanospheres), as expected, and the height of the saddles with respect to the bottom of the 

holes is  ~ 35 nm. Moreover, it is found out that the diameter of the holes decreases moving from 
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the top to the bottom of the patterned film since the edge of the deposit is not sharp (i.e., the holes 

are not cylindrical and the bottom of the holes is flat just in its innermost part). Again, the reason 

for this is the shadowing effect of the nanospheres during the oblique-incidence deposition in 

combination with the use of the rotating sample holder. At their maximum height, the cusps are, on 

the average, slightly thinner than the film grown at the boundaries of the macroareas.  In fact, in 

general, the shadowing effect tends to be more pronounced where the nanospheres are better 

arranged and more closely packed, i.e. within the macroareas.    
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Figure 4. (a) In-plane hysteresis loops measured on the three antidot arrays (normalized to 
the  saturation magnetization MS); in the inset, the coercivity HC of the three samples is 

plotted as a function of MS. (b) The in-plane hysteresis loops are shown as M/MS vs. H/HC. 
(c) Out-of-plane hysteresis loops for the three antidot arrays (normalized to MS). (d) is an 
enlarged view of the loops in (c). 

(Colors on-line only; 1.5-column fitting image). 
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The IP and OP loops measured at T = 300 K on the antidot arrays  are shown in Fig. 4. Moreover, 

IP loops were measured by magneto-optic Kerr effect (MOKE) magnetometry, by applying the 

magnetic field at different angles  (0°, 45°, 60°, 90°) with respect to a conventional 0° direction, 

coincident with one edge of the squared samples. It turned out that the patterned films are isotropic 

in the plane (not shown). 

The IP coercivity increases with the Co content and it depends linearly on the value of MS reported 

in Table 1 (inset of Fig. 4a), as expected when the magnetization process is ruled by shape 

anisotropy [8]. In general, the shape of the IP loops is very similar for the three patterned films, 

unlike what observed in the continuous ones. This effect is especially well appreciable if one re-

plots the IP loops as a function of H/HC, as in Fig. 4b. As for the OP loops, they do exhibit magnetic 

hysteresis, revealing the existence of an out-of-plane magnetization component in the three cases 

(Fig. 4c-d). This last statement is confirmed by the MFM analysis shown in Fig. 5: the images 

(taken at the in-plane magnetic remanence) are characterized by a marked magnetic contrast and, in 

general, reveal complex magnetic configurations. 

In order to correlate the magnetic configuration to the morphological structure, the MFM and AFM 

images relative to the very same portion of the Co array are compared in Fig 5a-b. On the AFM 

image, we have drawn small white and blue circles to highlight some cusps and green circles to 

highlight some holes. Then, the very same sketches have been moved on the corresponding 

positions on the MFM image. It is found out that the darkest regions in the MFM map are produced 

by the cusps, whereas the bright contrast is observed at the holes. 

An accurate inspection of the MFM images of the Co1Au1 and Co2Au1 arrays (Fig. 5c-d) allows one 

to recognize some similarities with the magnetic configuration of the Co sample. For instance, we 

focus on the geometrical scheme (for easiness, drawn in Fig. 5e) formed by the seven green circles 

that in Fig. 5b point out the holes: the same scheme can be distinguished also in Fig. 5c-d (to better 

highlight it, it has been enclosed in a circular frame), though with increasing difficulty as the Co 

content in the samples decreases.    

Therefore, the magnetic structure of the three antidot arrays is somewhat similar, consistently with 

their similar hysteretic behavior. Hence, in these samples, the magnetoelastic anisotropy does not 

play the same crucial role as in the continuous films, where it mainly contributes to setting very 

different magnetic configurations and hysteretic properties. In this respect, one should also consider 

that the nanopatterning may induce a substantial reduction of the residual stresses in the antidot 

arrays and/or of the spatial length on which they act. 
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Figure 5. AFM (a) and MFM (b) images for the Co antidot array: the white and blue points 
indicate the positions of the cusps and the green circles highlight the holes. The scheme 
formed by these green circles, sketched in frame (e), is also visible in the MFM images of 

the Co1Au1 (c) and Co2Au1 (d) arrays (to better highlight it, it has been enclosed in a 
circular frame).  See text for explanation. (Colors on-line only; 2-column fitting image).         

 

The anisotropic term certainly present in the three arrays is the shape one. Obviously, compared to 

the continuous films, the shape factor, and hence Kd, is locally modulated by the nanopatterning. 

The IP loops in Fig. 4a and the observed linear dependence of HC on MS indicate that the shape 

anisotropy forces the magnetization vector in the plane of the patterned films. On the other hand, 

the existence of magnetic hysteresis in the OP loops (Fig. 4d) suggests that the magnetization may 

be pushed out-of-plane, probably in correspondence of the cusps imaged by AFM.  
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3.3 Micromagnetic simulations of the antidot arrays 

In order to gain more information on the magnetic configuration of the antidot arrays and account 

for the MFM images and the shape of the hysteresis loops, we carried out micromagnetic 

simulations by MuMax3, exploiting the finite difference method. This requires a discretization of a 

chosen geometric figure over a grid of identical prism-cells in which the magnetization is assumed 

to be uniform.  Hence, we designed the geometric figure shown in Fig. 6a.  Please note that, in Fig. 

6, we have deliberately expanded the chosen geometry by a factor of 5 along the z direction for 

better viewing. In order to avoid finite size effects, the calculations were carried out using 2D 

periodic boundary conditions, which means that the geometry in Fig. 6a is replicated in the x-y 

plane so as to simulate an infinite film. To better visualize the pattern obtained in this way, four 

replicas are displayed in Fig. 6b. The basic geometry was discretized using cells with basis of (4  

4) nm2 and height 4 nm. In the x-y plane, the figure occupies an area of (130  225) cells, namely 

(520  900) nm2. Along z, it consists of 16 superposed layers of cells. In each layer, the cells are 

arranged so as to reproduce the main features of the real pattern, as revealed by the AFM analysis 

(Fig. 3). The bottom layer of cells is almost continuous, except for the presence of holes with 

diameter of 40 nm; the number of cells decreases progressively in the subsequent layers, namely 

moving towards the top. 

 

 

Figure 6. (a) 3D view of the basic geometric figure simulated in the micromagnetic 

analysis (expanded by a factor of 5 along the z direction for better viewing). The scale of 
colors, from violet to red, indicates the height of the structure along z (see the text for 

further explanations). In (b) the basic figure has been replicated four times.  
(Colors on-line only; 2-column fitting image). 
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The top layer contains just the cells which form the final portion of the cusps (8 cells for each cusp). 

The height of the cusps is 64 nm, whereas the height at the saddle point is 36 nm, according to the 

AFM results (Fig. 3). Obviously, although we intended to reproduce as closely as possible the array 

morphology, the geometry in Fig. 6 is an ideal system totally excluding the existence of topological 

defects and thickness inhomogeneity. 

 

Since we aimed at ascertaining, in particular, the dominant role of the shape anisotropy in ruling the 

magnetic properties of the nanopatterned films, we simulated the case of sample Co2Au1, in which 

we excluded the presence of a magnetocrystalline  anisotropy term. For the Co2Au1 composition, 

we determined the MS value (Table 1) and we were able to estimate the order of magnitude of the 

magnetic exchange stiffness constant A (Section 3.1). Both the parameters are requested for 

performing micromagnetic calculations.  

We carried out simulations of hysteresis loops measured by applying the magnetic field H in the x-y 

plane at different angles  with respect to the x axis, between 0° (i.e. H parallel to the x axis) and 

60° (the magnetization along the same direction of H was calculated). The results are shown in Fig. 

7a. Both the coercivity and the squareness (i.e., Mr/MS, being Mr the remanent magnetization) 

decrease with increasing  from 0° to 30°; the loops at = 15° and 45° and those at  = 0° and 60° 

are perfectly superposed. This is fully consistent with the hexagonal symmetry of the lattice of the 

antidot array and, in agreement with what reported for antidot arrays with this simmetry [67], the 

easy axes are along the directions where the holes are closest to each other, namely at  = 0° and 

multiples of 60°. 

Hence, the simulated system is anisotropic in the x-y plane, whereas the real sample resulted 

isotropic in the plane. That is explained considering the presence of the structural macroareas 

revealed by the AFM analysis (Fig. 3a): due to the different orientation of the hexagonal lattice 

within each macroarea, the system as a whole does not exhibit hexagonal symmetry. Accordingly, 

the hysteresis loop measured on the real sample should not be directly compared to any of the 

simulated loops in Fig. 7a [68]. A possible approach is to compare the experimental loop (already 

shown in Fig. 4a) to that obtained by averaging loops calculated for 0° 60°. We did that 

considering 12 loops calculated at values of differing for 5°; we attributed to each loop the same 

statistical weight, which means modelling the sample as formed by 12 macroareas with the very 

same extension. The result is shown in Fig. 7b. The coercivity and the squareness are slightly higher 

in the simulated loop and the approach to saturation is more rapid. However, in general, the two 

curves have a pretty similar shape, as one can realize by plotting them as a function of H/HC (inset 

of Fig. 7b). 
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Figure 7. (a) In-plane (IP) simulated loops (normalized to the  saturation magnetization 

MS) for the Co2Au1 antidot array, calculated at the indicated values of the anglethat the 

applied magnetic field H forms with the x axis. The loops for = 0° and 60° and for = 
15° and 45° are perfectly superposed. (b) Measured and simulated IP hysteresis loops for 

the Co2Au1 antidot array. The simulated curve is the average of 12 loops calculated for 0° 

60°. In the inset, the two curves are shown as M/MS vs. H/HC.  See the text for further 

details. (Colors on-line only; 1-column fitting image). 
 

In a simulated hysteresis loop, each point corresponds to a specific configuration of the 

magnetization (indicated as magnetization map) of the system modeled by the geometric figure in 

Fig. 6a. In Fig. 8, we show two magnetization maps, corresponding to the positive remanence state 

(i.e. the state at H = 0, after the positive saturation) in the loop at  = 0° of Fig. 7a. 

In particular, Fig. 8a is the x-y map visible by sectioning the simulated structure along the yellow  

plane displayed in Fig. 8b (the arrows indicate the orientation of the component of the 

magnetization in the plane); Fig. 8c is the y-z map obtained by sectioning along the yellow plane in 
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Fig. 8d. In both maps, the cell color provides information about the projection of the magnetization 

along z (Mz): blue and red designate the sign of Mz (positive and negative, respectively) and the 

color intensity is proportional to Mz/MS.   

One can see that, especially at the bottom of the array, the magnetization mostly lies in the sample 

plane, but, since it is forced to rotate around the holes, complex and quite regular magnetic charge 

distributions appear at the edges [67, 69]. At the cusps, the magnetization tends to align along the z 

axis. In fact, with respect to the continuous films, the nanopatterning strongly changed the balance 

among the demagnetizing factors along the three space directions and, in particular, it caused a 

significant reduction of the one along the vertical axis of the cusps.   

 

 

Figure 8. (a) Magnetization x-y map obtained by sectioning the simulated structure along 
the yellow plane displayed in (b); the arrows indicate the orientation of the component of 

the magnetization in the plane. (c) Magnetization y-z map obtained by sectioning the 
simulated structure along the yellow plane displayed in (d); this map has been expanded by 

a factor of 5 along z for better viewing. The blue and red colors designate the sign of Mz 

(positive and negative, respectively) and the intensity is proportional to Mz/MS. (Colors 

on-line only; 2-column fitting image) 
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The map in Fig. 8b also shows that in each cusp two regions can be distinguished with Mz pointing 

upward and downward.  

To the MFM (Fig. 5), the cusps appear as dark spots because the vertical component of the 

magnetic field fringing from the cusps strongly decreases on increasing the distance from the 

sample surface [70]. This results in a significant attraction force experienced by the MFM tip, that 

cannot resolve the individual upward and downward pointing magnetizations since the size of the 

cusps is of the same order of that of the tip itself, typically 30-40 nm. As a consequence, dark spots 

are imaged, whereas a relatively brighter contrast is shown in correspondence of the holes, where 

free poles at the hole edges are responsible for significant fringing fields in the volume above the 

sample surface.  

Then, we carried out micromagnetic simulations also for the Co1Au1 and Co arrays. The values of 

MS  for these compositions are reported in Table 1, but those of the exchange stiffness A were not 

exactly known. Therefore, for the Co sample we used the value usually attributed to the bulk hcp 

phase (A = 3 erg/cm). 
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Figure 9. (a) IP simulated loops, calculated at for the Co1Au1, Co2Au1 (curve 

already shown in Fig. 7a) and Co antidot arrays (normalized to the saturation magnetization 

MS). (b) IP simulated loops ( for the Co array: the curve shown in (a) is compared to 

that obtained by including an anisotropy term K in the micromagnetic calculation. The two 
curves are almost perfectly superposed. (Colors on-line only; 1-column fitting image) 
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In the case of Au1Co1, the choice of A was much more arbitrary and we tentatively assigned the 

same value used for Co2Au1. The magnetization maps calculated at the positive remanence for  = 

0° were similar to those for Co2Au1 in Fig. 8 and the hysteresis loops were similar too. They are 

displayed, for the three samples, in Fig. 9a. The coercivity decreases with decreasing the Co content 

in the samples, as observed in the measured loops (Fig. 4a), even if higher HC values are calculated 

for each composition, very likely because they are not obtained by averaging over different values 

of , as we did in the case shown in Fig. 7b.   

 

Regarding the Co array, besides the simulation just described, we carried out another simulation 

including an anisotropy term directed along z. That was done since for the Co continuous film we 

hypothesized the existence of a net perpendicular magnetocrystalline anisotropy contribution and 

we intended to ascertain the possible influence of this term in the observed magnetic behavior of the 

patterned sample. Therefore, the coefficient assigned to this anisotropy term was K= 2.6 × 106 

erg/cm3, equal to the value of KOP reported in Table 1. The hysteresis loops calculated at  = 0°  

with and without K are shown in Fig. 9b: they are substantially indistinguishable, which confirms 

once more the dominant role of shape anisotropy.    

 

 

4. Conclusions 

 

We have reported about the magnetic properties of continuous Co1Au1, Co2Au1 and Co films grown 

by co-sputtering deposition and of antidot arrays, with same composition, prepared by nanosphere 

lithography.  

The study of the continuous films has allowed us to acquire valuable information on the magnetism 

of the CoAu compound (magnetization, effective magnetic anisotropy, exchange stiffness constant, 

magnetostrictive behavior). Moreover, a relationship has been established between the magnetic 

domain structures of the continuous films and the hysteretic properties, which were found to vary 

strongly with the composition. Through this approach, we have gained an insight into the interplay 

between different anisotropy terms, which ultimately rules the magnetic behavior of the films. In 

particular, we have stressed the role of a magnetoelastic anisotropy term. In Co1Au1 this term is 

effective in the plane and, together with shape anisotropy, determines an in-plane anisotropic 

hysteretic behavior.  In Co2Au1, the competition between the shape and the magnetoelastic terms 

gives rise to stripe domains and transcritical hysteretic behavior. In Co, the existence of an 
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additional perpendicular magnetocrystalline term has been inferred, which may account for the 

different magnetic structure, labyrinthine-type, compared to Co2Au1.   

In the antidot arrays – having a hexagonal lattice and featuring six cusps around each hole - the 

anisotropies interplay was strongly modified by the nanopatterning, compared to the continuous 

films. To elucidate this effect, the experimental findings were synergically coupled to 

micromagnetic simulations on an ideal model system reproducing as closely as possible the 

morphology of the arrays. We have found out that the spatially-modulated shape anisotropy is the 

dominant term and, since the same pattern was used for the three arrays, their spin configurations 

present a similar scheme, although more difficult to be detected with decreasing the Co content. 

Accordingly, also the hysteretic behavior of the three patterned films is similar.  In particular, in all 

the three arrays, the shape anisotropy pushes the magnetization out-of-plane in correspondence of 

the cusps.   

Hence, the nanopatterning smoothed out the magnetic differences which characterized the 

continuous films, thus confirming to be a powerful tool for tailoring the magnetic properties of the 

magnetic systems at the nanoscale.  
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