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Abstract. Many modern spintronic devices are based on large arrays of magnetic elements, 

where the interaction between them and their magnetic textures is often a key part of their 

performance. The experimental characterization of such arrays is challenging because it 

involves the knowledge of the magnetization process of millions of single elements over areas 

as large as several square millimetres. When the magnetic textures within the nano-elements 

interact between them, a characterization over the entire array can be complicated. Here we 

show how the interaction between vortex textures in adjacent ferromagnetic dots can be read 

in a First Order Reversal Curves (FORC) diagram. Using a 9 mm2 array of ferromagnetic 

nanodots, we show how the shape and position of the prominent features in the FORC 

diagram describe the vortex nucleation and annihilation process. The intensity of these peaks 

gives information on how smooth the mobility of the vortex within the nanodot is. Also, by 

comparing the intensity of the main features, the FORC diagram is particularly sensitive to 

when the vortexes start interacting strongly with neighbouring vortexes. Micromagnetic 

simulations and measurements in arrays of different materials confirm our interpretation. 

With this work, we show the potential of the FORC diagram for disentangling the average 

magnetization process and the complex interactions between the different elements in a large 

array of nanostructures.   
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The peculiar properties of large arrays of magnetic nanoelements are becoming very relevant in 

modern magnetism. For instance, artificial spin-ice1 has become very important in unveiling 

emergent phenomena2,3,4, in high-frequency dynamics5 and neuromorphic computing6. 

Nanoelements shaped as nanodisks, where a vortex is the most stable configuration, are the 

building blocks of many cutting-edge devices, such as low-noise magnetic sensors7 or 

metasurfaces that allow the manipulation of microwaves and spin waves8 for on-chip 

applications9. In addition, in the context of neuromorphic computing, interacting spin-torque 

nano-oscillators, where vortices are present, are among the most promising candidates for 

physical neural networks10,11. 

At the core of the rich functionality of the above-mentioned arrays of nanoelements, is the 

interaction between the magnetic textures (domain walls, vortex or skyrmions) between the 

individual elements of the array.  The experimental characterization of these interactions is not 

trivial, as the imaging techniques either do not have enough resolution to image at the nanoscale 

or do not provide a wide field of view sufficient to image a significant proportion of the 

nanoelements. Often, the collective behaviour is inferred by a local image and micromagnetic 

simulations of a small portion of the array. In this context, as the arrays of nanoelements are 

quickly becoming more complex, it is pivotal to develop characterization techniques sensitive to 

the interaction between the magnetic textures in the whole collection of nanoelements, even if it 

is millimetres wide.  

In this work, we show that First Order Reversal Curves (FORC)12,13 can be sensitive to the 

magnetostatic interaction between magnetic textures, in this case vortex in dots. FORC analysis 

was developed for geomagnetism14,15,16 but since then, it has been applied in a wide variety of 

applications from fine nanoparticles15,17 and permanent magnets18,19, to nanodot20,21, antidots22,23, 

other matrices24,25,26 and thin films27. In all the previous studies where FORC was used to 

characterize arrays of nanoelements, the study disentangled the dipolar interaction of the 

nanoelements, obtaining valuable information such as the average coercivity or the distribution 

of switching fields. Crucially, when the nanoelements host magnetic textures and these textures 

interact with each other, this interaction should leave a footprint in the FORC Diagram, which 

could be extremely useful for the magnetic characterization of the large array.  

Here, we provide a comprehensive study of how to read the interaction between vortexes in the 

FORC Diagram (FD) and their transit from individual behaviour to collective behaviour where 

the curl of the magnetization comprises several dots. With the help of micromagnetic simulations, 

we confirm our experimental interpretation and open the door to future studies where the complex 

interactions of magnetic textures within large arrays can be unlocked with an easily accessible 

experimental technique such as the FORC Diagram.  

All samples were deposited on a Si substrate with a thermal SiO2 layer of 25nm. An array of dots 

200 nm in diameter over a total area of 3×3 mm2 was defined with a CRESTEC e-beam 

lithography tool and the magnetic dots were deposited by magnetron sputtering with the structure 

Cr(1)/Py(30)/Pt(2) with the number between brackets the thickness in nanometres and being Py 

Permalloy (NiFe 81/19%)28.  The pitch between dots will vary from sample to sample from 600 

nm down to 250 nm, where the dots are nearly in contact. 

FORCs were acquired with an AGFM29 (PMC MicroMag 2900 series) at room temperature with 

the magnetic field applied in-plane to the dots. The procedure to obtain a set of FORCs begins by 

saturating the sample at a field 𝐻𝑠𝑎𝑡. Then, the field is reduced to the reversal field 𝐻𝑟, which 

serves as the starting point for each FORC. The field is then increased back to positive saturation 

while measuring the magnetization for every field 𝐻 in small steps. This protocol is repeated for 
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all 𝐻𝑟 from +𝐻𝑠𝑎𝑡 to −𝐻𝑠𝑎𝑡. Once measured, the curves are arranged in a two-dimensional 

magnetization matrix 𝑀(𝐻, 𝐻𝑟) from which the FD is obtained as usual30: 𝜌(𝐻, 𝐻𝑟) = − 12 𝜕2𝑀(𝐻,𝐻𝑟)𝜕𝐻𝜕𝐻𝑟        [1] 

For non-interacting dots, we will use the FD represented in the (𝐻, 𝐻𝑟) coordinate system, while 

for interacting dots, we will discuss the results in the (𝐻𝑐 , 𝐻𝑢) = ([𝐻 − 𝐻𝑟] 2⁄ , [𝐻 + 𝐻𝑟] 2⁄ ) 

coordinate system, which is better for comparing our findings with previous studies.  

We begin by investigating the array of non-interacting dots, with a sample filled with dots 200 

nm in diameter and separated by 600 nm (pitch). As the distance between dots is larger than the 

diameter, the magnetostatic interaction between dots can be assumed negligible. Fig. 1a shows an 

SEM picture of the regular array of dots and Fig. 1b shows an MFM image of the relaxed 

magnetization state of the sample. The dots are in a vortex state with a distinctive core with out-

of-plane magnetization (up or down) and curling in-plane magnetization around the core.  

  

FIG 1. (a) SEM image of the array of Py dots with 600 nm pitch. (b) Corresponding MFM image of the same array, 

obtained with a Park XE7 AFM- MFM using a Cobalt coated cantilever NANOSENSORS PPP-MFMR (c) Minor 

loops performed to build the FORC Diagram (FD) and the structure of the dot in the inset (d) Corresponding FORC 

Diagram of the structure. The different lines highlighted in (c) and (d) are guides to the eye to facilitate the discussion 

in the main text. 

Fig.1c shows the minor loops used to build the FD. The double loop, with small coercivity and 

remanence in the centre, is typical of vortex nucleation in dots31,32. Around 𝐻 = 0, most of the 

dots are in the vortex state (as shown in Fig.1b) and, therefore, the remanence is very small as the 

sample has roughly equal magnetization pointing in both directions. Then, a large magnetic field 

is required to annihilate the vortex in all the dots, which broadens the loops in the two lobes at 

higher fields. The corresponding FD is displayed in Fig. 1d. Two features are visible at (𝐻, 𝐻𝑟) =(-50,-381) Oe with amplitude 𝜌(𝐻, 𝐻𝑟) = 0.95 and at (𝐻, 𝐻𝑟) =(352,44) Oe with 

amplitude 𝜌(𝐻, 𝐻𝑟) = 0.9, corresponding to the nucleation and annihilation fields respectively. 

Noticeably, the value  |𝐻𝑟| in the nucleation feature is 29 Oe larger than the value 𝐻 in the 

annihilation feature (they are not symmetric to the coercivity diagonal). This fact reflects two 

different annihilation mechanisms that depend on the return field 𝐻𝑟. If the field 𝐻 is decreased 

from positive saturation, the vortex nucleates at one edge of the dot, on average around H=+50 
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Oe, which is the zone of larger susceptibility in the loop. As the field decreases past zero towards 

negative values, the vortex is pushed towards the side of the dot opposite to the one in which it 

was nucleated, until it gets annihilated. The situation is different if 𝐻𝑟 is positive (highlighted by 

curve ‘1’ in Fig. 1c). In this case, by decreasing 𝐻 from positive saturation to 𝐻 = +𝐻𝑟, a vortex 

nucleates on one side of the dot but then, by increasing the field 𝐻 back towards positive saturation 

in the minor loop, the vortex moves back towards the same side of the dot in which it was 

nucleated, where it gets annihilated. The FD is also sensitive to the cases in which these two 

annihilation mechanisms are slightly different (due to any reason such as having an asymmetric 

shape of the dot or a non-evenly distributed grain distribution, etc.) through the double feature 

visible at (𝐻, 𝐻𝑟) =(360,-360) Oe in Fig. 1d. This feature is sometimes referred as the ‘Butterfly 

feature12 and is positioned at H=360 Oe, which is the average annihilation field when the field is 

cycled from saturation to saturation. At the end of the article, we expand on why this feature 

appears only if the two annihilation mechanisms are different.  

In the FD, we can also notice that the nucleation feature at (𝐻, 𝐻𝑟) =(-50,-381) Oe has a larger 

intensity 𝜌(𝐻, 𝐻𝑟) than the annihilation feature at (𝐻, 𝐻𝑟) =(352,44) Oe. As the annihilation 

feature is built out of minor loops that reflect the movement of the vortex towards annihilation, 

the fact that this feature is less intense must be related to the ‘mobility’ of the vortex within the 

dot. For instance, in a hypothetical case in which the vortex is strongly pinned to the 

microstructure and it cannot move at all, any minor loop after the vortex nucleation, would be 

horizontal (𝑀~const) until the annihilation field is reached, producing a sudden jump in the loop. 

In this case, the annihilation feature in the FD would be very sharp, showing a large intensity, 𝜌(𝐻, 𝐻𝑟).  In the opposite case in which the vortex could move at ease without any pinning, any 

minor loop after nucleation would show a gradual increase in 𝑀, until the annihilation field is 

reached. This would result in a distributed annihilation feature with lower intensity, 𝜌(𝐻, 𝐻𝑟). 

This interpretation of the meaning of the intensity of the annihilation feature is confirmed 

experimentally and with micromagnetic simulations in this manuscript.  

To provide a qualitative magnitude of how distributed the annihilation feature is, we compare its 

intensity 𝜌(𝐻, 𝐻𝑟), with the intensity of the nucleation feature, which should always be sharp 

because there is little dispersion in the energy required to nucleate the vortex. Therefore, we define 

the ‘asymmetry ratio’ 𝑅 as 𝑅 = 𝜌𝐴(𝐻,𝐻𝑟)𝜌𝑁(𝐻,𝐻𝑟)      [2] 

The superscript ‘N’ refers to the Nucleation feature (the one at the bottom), and the superscript 

‘A’ refers to the Annihilation feature (the one at the top). Large asymmetry ratios 𝑅 (sharp 

nucleation and annihilation feature) imply that local interactions impede the vortex movement. 

For instance, using polycrystalline Co dots instead of Py dots, we expect larger vortex pinning 

(i.e. lower vortex mobility) due to the stronger anisotropy in Co. Suppl. Info. Fig.S1 shows the 

experimental FD for Co dots with the same diameter and pitch as the Py dots shown in Fig.1a 

(D=200 nm, Pitch=600 nm). The asymmetry ratio for Co is 𝑅𝐶𝑜 = 0.86, while in the case of Py 

(Fig. 1d) is 𝑅𝑃𝑦 = 0.68. Indeed, a larger value of 𝑅 in Co dots indicate the lower vortex mobility. 

Additionally, if the size of the dots is reduced, one can also intuitively expect a reduced mobility 

of the vortex due to the geometric constriction of the small dot. We have checked this point with 

micromagnetic simulations (see details of the Mumax333 micromagnetic simulation in Suppl. 

Info. S1), extracting the asymmetry ratio in non-interacting Py dots of different diameters. As 

shown in Suppl. Info. Fig. S2, the smaller the dot, the larger the value of 𝑅, due to the reduced 

mobility of the vortex in smaller dots.  The two examples mentioned in this paragraph reinforce 

the correctness of our interpretation of the ‘asymmetry ratio’ 𝑅. 
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After disentangling the main features of the FD in non-interacting dots, we now discuss how these 

features change in the more interesting case of interacting dots.  Fig. 2 shows the FD for Py dots 

with the same diameter of 200 nm but different pitch, ranging from 500 nm to 200 nm. Note that 

pitch 600 nm is shown in Fig. 1d. The FDs in Fig. 2 show that the nucleation and the annihilation 

features get closer to each other as the distance between the dots decreases until they eventually 

collapse to one sharp feature at 𝐻 = 𝐻𝑟 = 0, which resembles the FD of a uniform Permalloy 

thin film with small coercivity.  

 

FIG 2 . FORC diagrams for arrays of Py dots 200 nm in diameter and with 500 nm pitch (a), 400 nm pitch (b), 300 

nm pitch (c) and 250 nm pitch (d).  

As explained in the introduction, in the FORC diagram, the interactions within a ferromagnetic 

system are often discussed in terms of the coercive 𝐻𝑐 and bias 𝐻𝑢 axis, represented by black 

arrows in Fig. 2a and defined as (𝐻𝑐 , 𝐻𝑢) = ([𝐻 − 𝐻𝑟] 2⁄ , [𝐻 + 𝐻𝑟] 2⁄ ). In these coordinates, 

the value 𝐻𝑢 of each feature reflects how much the local interactions affect the magnetization 

process. In Fig.3a, we plot the difference in the 𝐻𝑢 value for the Nucleation 𝐻𝑢𝑁 and the 

annihilation feature 𝐻𝑢𝐴, ∆𝐻𝑢 = 𝐻𝑢𝑁 − 𝐻𝑢𝐴, together with the asymmetry ratio 𝑅, defined by the 

expression [2], as a function of the distance between dots or pitch. As visible in Fig. 3a, the 

experimental ∆𝐻𝑢 (red circles) decreases significantly when the pitch decreases (and their 

magnetostatic interaction increases). The decrease of ∆𝐻𝑢 is somehow surprising because an 

enhanced interaction between objects is usually associated with an increase of the width of the 

corresponding feature in the FD along the 𝐻𝑢 axis34,35, in clear contrast with our results. In 

parallel, the asymmetry ratio R (black circles in Fig. 3a) has a roughly constant value for large 

pitch but experiences a prominent increase to values larger than one for small pitch. If R>1, the 

annihilation feature is sharper than the nucleation feature, which is the opposite of what we find 

for large pitch and non-interacting dots, and it should reflect that the interaction between dots is 

promoting the vortex annihilation in individual dots. 
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FIG. 3. (a) Asymmetry Ratio 𝑅, defined by expression [2], and ∆𝐻𝑢 extracted from Fig.2 for the experimental samples. 

(b) Asymmetry Ratio 𝑅 and ∆𝐻𝑢 extracted from micromagnetic simulations of 200 nm diameter dots. The cartoons in 

(b) represent an isolated vortex in each dot for a large pitch (cartoon on the right) and a vortex texture comprising 

several dots (cartoon on the left) when the pitch is small and the interaction between dots increases.  

To confirm this interpretation, in Fig. 3a we have performed micromagnetic simulations on 200 

nm diameter dots and variable separation between the dots. Fig. 3b shows the asymmetry Ratio 𝑅 and ∆𝐻𝑢 obtained from micromagnetic simulations (the corresponding FD from the simulation 

can be found in Suppl. Info. S3). The simulated ∆𝐻𝑢 values are larger than the experimental ones 

because the simulation was performed at 0K. In the simulation, at a pitch smaller than 250 nm, 

the vortices in individual dots begin to interact with each other magnetostatically. At this pitch, 

there is a sudden increase in the value of 𝑅, in parallel with a change in the slope of ∆𝐻𝑢. The 

magnetostatic interaction between dots promotes the vortex annihilation in the individual dots, 

favouring collective curling of the magnetization covering several dots. This multi-dot vortex 

texture has been experimentally observed before, using optical techniques36 and, as we have 

shown, it can also be inferred from the FD.  

Finally, we turn our attention to the butterfly feature. This feature was present in all the 

experimental FDs shown in this work, using Permalloy or Cobalt. On the other hand, the 

micromagnetic simulations on circular Permalloy dots do not produce the butterfly feature as 

shown in Fig. 4a, despite a considerable effort trying several options with the crystalline structure 

and the magnetic anisotropy.  On the other hand, if we introduce a small notch on one of the sides 

of the dot (Fig. 4b), this asymmetry does produce a butterfly feature in the simulated FD (marked 

by an arrow in Fig. 4b). This is a strong indication that the butterfly feature appears when the 

mechanism of vortex annihilation is different if the vortex is annihilated on the same side of the 

dot in which it was nucleated or on the opposite side of the dot. Indeed, if the defect in the dot is 

symmetric to the path that the vortex follows from nucleation to annihilation (Fig. 4c), the 

butterfly feature in the simulation disappears again.  
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FIG. 4. FORC diagram simulated for a Py dot 200 nm in diameter (a), for the same dot with a notch on one of the 

sides (b) and for a defect that runs along the path the vortex follows from nucleation to annihilation (c). 

In conclusion, in this work, we have used a FORC diagram to characterize the magnetization 

process in a large array of circular ferromagnetic dots. We have described the features in the FD 

that mark the onset of vortex nucleation and annihilation and how their position can vary from 

material to material, providing a tool to interpret the magnetization process in large arrays of 

nanoelements, even if they are made of different materials. The asymmetry ratio 𝑅, defined by 

expression [2], is a signature of the vortex mobility within the dot and can also indicate an inter-

dot vortex collective interaction when the structures are in proximity. Finally, we have shown that 

the butterfly feature appears when the different vortex annihilation paths are not equivalent. 

Although the specific cause of this asymmetry may not be easy to discern without extensive 

micromagnetic simulations, it is a quick indication of a particular behaviour that may be relevant 

in spin-ice structures dedicated to neuromorphic behaviour.  

We should emphasize the importance of having an experimental method to characterize the 

average individual behaviour of nanostructures in a large array, which may not be achievable with 

other experimental techniques. The details in the FD must be initially understood with the help of 

micromagnetic simulations but, once this is done, the FD diagram can be the sole characterization 

technique in samples with variations of the same array of nanostructures. Therefore, we believe 

the FORC diagram may become a pivotal experimental technique to characterize large arrays of 

nanostructures, which are key in emerging fields such as neuromorphic computing.   

Supplementary material 

We included two supplementary subsections to support the main text. Subsection S1 provides 

evidence for the interpretation of the asymmetry factor R, including: (FIG. S1) the FORC diagram 

for a cobalt nanodot array with the same geometry as in the first permalloy sample, and (FIG. S2) 

micromagnetic simulations of R in single permalloy dots with decreasing diameter. Subsection 

S2 presents the simulated FORC diagrams (FIG. S3) corresponding to Fig. 3b. 
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