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Controlling the magnetic ground states at the nanoscale is a long-standing basic research 

problem and an important issue in magnetic storage technologies. Here, we designed a 

nanostructured material that exhibits very unusual hysteresis loops due to a transition 

between vortex and double pole states. Arrays of 700 nm diamond-shape nanodots 

consisting of Py(30 nm)/Ru(tRu)/Py(30 nm) (Py, permalloy (Ni80Fe20)) trilayers were 

fabricated by interference lithography and e-beam evaporation. We show that varying the 

Ru interlayer spacer thickness (tRu) governs the interaction between the Py layers. We found 

this interaction mainly mediated by two mechanisms: magnetostatic interaction that favors 

antiparallel (antiferromagnetic, AFM) alignment of the Py layers and exchange interaction 

that oscillates between ferromagnetic (FM) and AFM couplings. For a certain range of Ru 

thicknesses, FM coupling dominates and forms magnetic vortices in the upper and lower Py 

layers. For Ru thicknesses at which AFM coupling dominates, the magnetic state in 

remanence is a double pole structure. Our results showed that the interlayer exchange 

coupling interaction remains finite even at 4 nm Ru thickness. The magnetic states in 

remanence, observed by Magnetic Force Microscopy (MFM), are in good agreement with 

corresponding hysteresis loops obtained by Magneto-Optic Kerr Effect (MOKE) and 

micromagnetic simulations.  
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Introduction 

The rapid growth of data management and storage caused by the advent of big data 

requires the information density to increase, motivating the search for new materials and 

recording systems1. To meet challenges beyond von Neumann's architecture, new computing 

concepts, unusual functional materials, and novel nanofabrication techniques are proposed2-4. 

Furthermore, magnetic recording technologies based on layered magnetic thin films are still 

widely used and may exhibit unexpected properties.  The combination of unique concepts, such 

as perpendicular magnetic anisotropy5, giant magnetoresistance6, oscillating interlayer 

coupling7,8, and skyrmion textures9, may give rise to unexpected emergent results and potential 

novel applications. Layered magnetic films combined with nanofabrication techniques have been 

used to develop, for example, new functional nanoparticles for biomedical applications7-9. 

Similarly, magnetic nanodisks with high saturation magnetization and zero remanence are 

synthesized to improve remote manipulation10-14. Alternatives to traditional recording techniques 

rely on increasing the number of memory states in a single bit15-17. However, stabilizing multi-

state magnetization states at relevant length and time scales seems not to be possible for practical 

applications. 

On one hand, shape anisotropy caused by size reduction can result in topological spin 

textures such as magnetic vortices18-20, skyrmions21, helical spin structures22,23, and multi-polar 

nanomagnets24-26. These are mostly characterized and imaged by advanced synchrotron 

techniques27. Ferromagnetic (FM) / antiferromagnetic (AFM) coupling of magnetic vortex states 

to stabilize the same (FM) or opposite (AFM) chirality in trilayer structures has been recently 

observed 28-30.  These studies have paved the way to develop new concepts in magnetic memories, 

for instance, by controlling vortex polarity or chirality22,31-35. To obtain and manage such complex 

magnetic states placing a non-magnetic spacer between two magnetic layers can be used to 

stabilize competing energy landscapes or discover exciting new properties. For example, the 

oscillating interlayer exchange coupling (IEC) between magnetic layers separated by a non-

magnetic spacer, such as ruthenium5, is useful to control the magnetic configuration of 

ferromagnetic multilayers36,37. This type of research in continuous layered systems has been 

pursued for a long time. On the other hand, combining interlayer exchange coupling with lateral 

confinement is much less explored and may lead to unusual, unexpected results.   

In this work, we discovered some very unusual hysteresis loops, unlike any other 

magnetic system.  This was found by a systematic study of the interlayer magnetic exchange 

interaction in diamond shaped Py/Ru(tRu)/Py trilayer nanodots with four-fold symmetry 

combining magneto-optic Kerr effect (MOKE), magnetic force microscopy (MFM), and 

micromagnetic simulation. The interaction between interlayer coupling and the boundaries of 
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diamond-shaped nanodots produce interesting magnetic structures which can be visualized38 

using MFM.  We observe a crossover from magnetic vortex to magnetic double pole state as a 

function of the Ru interlayer spacer thickness (tRu), a consequence of the interlayer exchange 

interaction strength change. Increasing the Py layer separation progressively decreases the 

interlayer exchange coupling, which tends to align the Py magnetizations parallel. The 

magnetostatic interaction between Py layers forces the magnetization to align antiparallel and as 

a consequence, interesting magnetic hysteresis arises unlike any earlier observations.  These 

results show that fine-tuning the inter-layer magnetic interaction provides new degrees of freedom 

and can be adapted to develop new memory devices based on spin textures.   

 

Materials and Methods 

The sample structure is summarized in Figure 1. Ruthenium (Ru) spacer (tRu in nm) 

between two 30 nm Permalloy layers (Py, (Ni80Fe20)) and a 5 nm Pd capping layer were 

sequentially deposited on Si (100) wafers by electron beam evaporation in a high-vacuum 

chamber with a base pressure of 10–7 Torr. For each Ru thickness, Py(30 nm)/Ru(tRu)/Py(30 nm) 

reference continuous thin films and lithographically patterned arrays were simultaneously 

deposited (Figure 1a). For patterned films, 700 nm 2D square arrays of antidots were initially 

fabricated by laser interference lithography (LIL)10. A photosensitive stack made using a bottom 

antireflective coating WIDE-8B (from Brewer Science), and negative resist tone TSMR-IN027 

(from Ohka) were spin-coated on silicon wafers. The photosensitive layer was then illuminated 

by the interference pattern of a 325 nm wavelength laser. The regions exposed to the highest light 

intensity remain on the substrate, while underexposed areas became soluble to the developer AZ 

736 MIF, leading to an antidot array in the resist. By e-beam evaporation, an array of dots with a 

trilayer structure, shown in Figure 1b was prepared. After film deposition, the resist templates 

were removed by N-methyl pyrrolidone and low-power sonication for about 30 min. Layer 

thicknesses were controlled in situ by a quartz microbalance and later confirmed by X-ray 

reflectometry (XRR) for each reference sample of the continuous film (Figure 1c). The profile 

fitting of the XRR measurements was made with the Parrat32 code39, which presents well-defined 

thicknesses with an interlayer roughness of less than 1.3 nm. The asymptotic dependence of the 

interface roughness with spacer thickness implies that the interlayer coupling is not affected by 

dipolar interaction or interface roughness40. The successful lift-off of the resist was verified in 

every sample by optical and scanning electron microscopy (SEM) (Figure 1d).  

A commercial Park XE7 AFM-MFM system was employed to study the magnetic 

textures of the arrays. The probes are commercial Si cantilevers Nanosensors PPP-MFMR, k = 

2.8 N/m and f = 75 kHz coated by a Co thin film. Before each measurement, the probes are 
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magnetized by applying 0.8 T along their pyramid axis. The MFM contrast achieved with these 

probes can resolve the chirality and polarity of the vortex and the double pole spin textures. 

Magneto-Optical Kerr Magnetometry measurements were performed in a Durham Magnetooptics 

NanoMOKE3 system at room temperature. The effect of interdot interaction on the MOKE was 

addressed by performing magnetization loops with the external field applied parallel and diagonal 

to the lattice array direction, which corresponds to different interdot distances. In both 

configurations, the hysteresis loops conserve the same shapes. To ensure the reproducibility of 

the results between different nanostructures, MOKE measurements were acquired in each sample 

at least in four different locations.  

The micromagnetic simulations were performed using a GPU-accelerated micromagnetic 

simulation program, MuMax341. The simulations were obtained considering two separated Py 

disks with saturation magnetization 𝑀𝑀𝑆𝑆 = 8.6 · 105 𝐴𝐴/𝑚𝑚, exchange stiffness 𝐴𝐴𝑒𝑒𝑒𝑒 = 1.3 ·

10−11 𝐽𝐽/𝑚𝑚, and 0.5 Landau-Lifshitz damping constant42. The mesh cell size is 10.9 × 10.9 nm in 

the plane of the disk and 15 nm over its thickness. No lateral disk-to-disk interaction has been 

considered for the calculations. The interlayer exchange interaction has been included using an 

interlayer exchange parameter that has been varied from −10−3  to +10−3 𝐽𝐽/𝑚𝑚2. 

 

 
Figure 1. Schematics of the trilayer structure and the dot array. a) General structure of the trilayer, 

b) single cell of the nanostructure array, c) Representative example of an X-ray 

reflectivity of the trilayer in a continuous reference sample used to characterize layer 

thicknesses, (inset) Ru roughness evolution with spacer thickness d) Scanning Electron 

Microscopy image of the diamond-shaped nanostructure array. The arrow indicates the 

direction of the H field. 
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Results 

The 700 nm Py nanostructure (60 nm thick) exhibits characteristic magnetic loops of a 

magnetic vortex state measured by longitudinal MOKE (L-MOKE, Figure 2a). The vortex state20 

has a 40 Oe nucleation field, in good agreement with reported values for this diameter and 

thickness range43. Similar results are obtained for 30 nm thick samples (not shown). The 

interaction between Py layers of the nanostructures as a function of the spacer thickness was 

studied using the same MOKE configuration. Figure 2b-i shows the hysteresis loops of the arrays 

of Py(30)/Ru(tRu)/Py(30) trilayer structures.  Note that the typical penetration depth of Kerr signal 

in metallic layers for a 600 nm laser depends on the optical configuration and materials studied44 

and decreases exponentially. For the case of Py, it is about 50 nm45. Therefore, the observed signal 

arises from the upper and lower magnetic layers, with a more significant contribution from the 

upper layer signal. The 3 µm laser spot size provides enough lateral resolution to avoid 

inhomogeneities or array defects. The figure 2b (tRu = 0.3 nm) shows a loop that corresponds to a 

vortex state with increased coercivity (broadening of the loop “neck”), indicating a nucleation 

field close to zero. For a fixed diameter, the nucleation field increases with Py 19 thickness. Thus, 

the reduction of the nucleation field is related to a reduced Py thickness compared to the 60 nm 

Py sample. In the samples with 0.5, 0.8, 1.5, 2.0, and 3.0 nm Ru spacer, the magnetization 

(extracted from Kerr rotation) drops before zero in the positive reversing branch for the nonzero 

applied field. Similarly, the Kerr rotation flips sign when approaching zero applied field for 

decreasing reversing field. When the external field inverts, these curves present a kink in the 

direction of decreasing Kerr rotation. It should be noted that these very unusual magnetic 

hysteresis curves depend on the thickness of the Ru spacer. For the samples with tRu = 1.0 nm, 

and 4.0 nm, the loops display a narrow neck at low fields indicative of a vortex state, and there is 

no crossing of the magnetic reversal branches. 

 



6 
 

 
Figure 2. Longitudinal MOKE hysteresis loops of the Py(60) and Py(30)/Ru(tRu)/Py(30) [tRu =0.3, 

0.5, 0.8, 1, 1.5, 2, 3, 4 nm] arrays of 700 nm nanostructures with the magnetic field 

parallel to the main axis of the square array in the substrate plane as shown in the inset 

of Figure 1d). The blue and red curves correspond to decreasing and increasing field 

directions, respectively. 

To further understand these unusual hysteresis loops arising from complex spin configurations, 

MFM images were obtained. Measurements were performed in the samples in remanence after 

several magnetization cycles. The diamond-like shape of the structures allows observing the 

helicity of the magnetic vortices due to symmetry break38,46. The MFM images in Figure 3 clearly 

show the formation of magnetic vortices in the single Py and the trilayer with 0.3 nm of Ru 

nanostructures. In both samples, the chirality and polarity of the vortices seem to be randomly 

distributed, even after several magnetization cycles. For Ru thicknesses above 0.3 nm, the vortices 

are not observed in remanence. Interestingly, for thicker Ru spacers, the vortices disappear, and 

two small poles of the same magnetic polarity are formed in the boundary of the structures. These 

poles tend preferably to locate in the vertex of the diamond and, in most cases, are antiparallel. 

The surface magnetization, except for the poles, gives no MFM contrast implying that the 

magnetization lies in the plane.  
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Figure 3. Magnetic Force Microscopy images of the magnetic textured formed in the single Py 

(60 nm) and in Py(30 nm)/Ru (tRu)/Py(30 nm) trilayers nanostructure arrays with 

increasing Ru spacer thickness (indicated above each image). The cartoon in the left 

panel of the figure schematizes the relative magnetization between both layers in the 

vortex state and in the double pole state. 

 

Micromagnetic simulations were conducted considering two diamond-shaped layers separated by 

a distance equal to the corresponding spacer thickness. Two interactions between layers were 

considered, i) magnetostatic, which favors antiparallel alignment, and ii) interlayer exchange 

coupling that oscillates in intensity and sign as 𝐸𝐸𝑒𝑒𝑒𝑒 ∝ 𝐽𝐽𝑒𝑒𝑒𝑒 cos(𝜅𝜅𝐹𝐹𝑡𝑡), (Jex the exchange constant, 

𝜅𝜅𝐹𝐹 the Fermi wavevector and t the spacer thickness). Figure 4 shows the hysteresis loops obtained 

from the simulations for the sum of two layers and the upper and bottom layers separately. 

Negative, positive, and zero values for the exchange interaction are also included. For positive 

exchange parameters larger than ~5·10-4 J/m2, hysteresis loops of the upper and lower layers 

imply the formation of vortices of the same chirality leading to a parallel alignment of the 

magnetic moments. This configuration results in a magnetic vortex in remanence (zero applied 

field). For smaller but still positive exchange interaction below this value results in a sign change 

of the inter-layer interaction. This occurs because the magnetostatic interaction forces the 

magnetization of the two layers to align antiparallel. The micromagnetic calculations show that 

the hysteresis loops of top and bottom layers differ for zero and negative exchange interaction 
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parameters, leading to a hysteresis loop of the whole system with crossing branches in qualitative 

agreement with MOKE measurements. More remarkably, the magnetic configuration of the upper 

Py layer in remanence matches the features observed by MFM, showing the formation of two 

singularities on opposite sides of the structures that result in the double pole state at the upper Py 

layer.  

  
Figure 4. Micromagnetic simulations: magnetization map at remanence and the hysteresis loops 

corresponding to each bottom and upper Py layer and the total magnetization36,47. The 

blue curves are scans from positive to negative, while the red ones are from negative to 

positive fields. The color code on the magnetization map indicates the direction of in-

plane magnetization: the same color corresponds to regions with equal magnetization 

direction. On this color scale, yellow/green and blue/magenta are perpendicular to each 

other; yellow/blue and green/magenta are antiparallel. In the upper map, the 

magnetization rotates counterclockwise and the transition between equally magnetized 

regions is shown in light colors.  

 

MFM measurements have allowed identifying the two magnetic configurations that the trilayer 

nano dots adopt, depending on the spacer thickness. The global picture of the magnetic structure 

of the double-pole and the magnetic reversal has been achieved by performing the l-MOKE 

measurements and micromagnetic calculations. From the MOKE, we found a reduction of the 

vortex nucleation field in the tRu = 0.3 nm sample, attributed to a reduction of the Py layer 

thickness. However, for similar dot diameters, an increase of nucleation/annihilation fields is 
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expected when decreasing Py thickness43. This opposite trend was observed by P. Vavassori et al. 
48. It was attributed to a competition of an antiferromagnetic coupling caused by magnetostatic 

dipolar interaction between the magnetic layers and a ferromagnetic coupling due to indirect 

exchange interaction49. Therefore, this evidences the coexistence of, at least, two interactions 

between the ferromagnetic layers. In the samples with unusual magnetic loops (the tRu = 0.5, 0.8, 

1.5, 2.0, 3.0 nm), during magnetic reversal the magnetization drops before zero, and would be 

indicative of two effects: i) the nucleation field is significatively decreased, and the magnetic 

vortex nucleates at very low decreasing external magnetic fields; ii) the zero-magnetization state 

(i.e., vortex core well centered in the dot) takes place even under small external fields. This can 

only occur if an internal field compensates for the effect of the external field stabilizing the vortex 

core. As the external field is decreased to zero, the Kerr signal changes sign. This would be 

evidence of an AF coupling with the bottom layer that forces the upper layer to align antiparallel50. 

The kink in the increasing negative field direction suggests a decrease in magnetization (Kerr 

rotation) just after switching the external field polarity. This could be due to an antiparallel 

alignment of the two Py layers, each one in a vortex state. For this magnetic configuration, there 

are two vortices in each Py layer with different chirality (antiparallelly aligned), and each one will 

annihilate at different fields. The magnitude of the kink decreases with increasing Ru thickness 

and disappears in the tRu = 3.0 nm sample. In the samples with tRu = 1.0 nm, and 4.0, there is no 

crossing of the magnetic reversal branches for these Ru thicknesses. For these Ru thicknesses, the 

loops display a narrow neck at the low external field region, fingerprint of vortex state. 

Remarkably, the behavior of the simulated hysteresis loop of the upper layer coincides 

qualitatively with experimental data obtained from MOKE measurements. This arises because the 

penetration depth of the laser (~50 nm) is of the order of the system's total thickness. Therefore, 

the Kerr signal has more contribution from the upper layer. The hysteresis loops and magnetic 

states in remanence obtained by micromagnetic calculations support the experimental data. The 

use of Ru spacers in magnetic heterostructures is well known to modulate the magnetic interlayer 

coupling of the magnetic layers5. With increasing tRu the inter-layer interaction oscillates between 

ferromagnetic and antiferromagnetic. The oscillating exchange contribution to the interlayer 

coupling progressively weakens for thicker Ru spacers. This behavior in the trilayer 

nanostructures gives rise to the unusual, crossed cycles, but for 1 and 4 nm Ru spacer thicknesses, 

that present typical loops of a magnetic vortex state. The crossed hysteresis cycles are correlated 

with a magnetic state with a double-pole configuration observed by MFM.  For samples in this 

range of Ru thickness, the micromagnetic calculations point to the magnetostatic interlayer 

interaction overcoming the interlayer exchange coupling, resulting in an antiparallel alignment of 

both ferromagnetic layers. The detailed analysis of the magnetization map of each layer obtained 

in the calculations shows that in the double pole state, the magnetization in each layer is forced 
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by the shape anisotropy and aligned to the diagonal of the dot. The upper and bottom layers are 

aligned antiparallel, and therefore the stray fields close in each of the opposite poles of the dot. 

The magnetization structure of the trilayer obtained from the calculations, imply that the 

formation of other complex magnetic configurations such as antivortices is unlikely51,52. 

Table 1 summarizes the MFM and MOKE results for increasing Ru spacer thickness. A 

comparison with the sign of the interlayer exchange energy parameter, Jex, obtained from the 

literature, agrees with the proposed model of two competing interactions between the Py layers. 

These are: i) an interlayer exchange coupling that is FM for certain thicknesses of Ru spacers and 

decreases in intensity with increasing thickness, ii) a magnetostatic coupling between the two Py 

layers that favours antiparallel alignment. The coexistence of both interactions implies that the 

FM/AFM coupling of the layers oscillates in this range of Ru thickness and favours the formation 

of a vortex or a double-pole state.  

It should be noted that the observation of a coherent distribution of magnetic vortices by 

MFM has been only achieved at tRu= 0.3 nm, but not for the other FM coupled conditions (1.0 and 

4.0 nm of Ru spacer). This is probably related to the rapid decrease of FM interlayer exchange 

coupling with the spacer thickness, which is at least one order of magnitude lower than 0.3 nm 

Ru thickness36,47. For tRu = 1.0 nm, not all observed diamond shape structures present a vortex 

state in remanence, and for tRu= 4.0 nm, vortices are observed only occasionally. The oscillatory 

IEC in FM layers with Ru spacers depends critically on the Jex sign, which is very sensitive to the 

spacer thickness. For certain values, the Jex can flip in sign by slight variations of tRu. We argue 

that experimentally, although the nominal thickness of the spacer layer is well defined, slight 

variations may present, which can cause these isolated vortices.  

The interlayer exchange coupling sign and amplitude as a function of the Ru thickness 

are in good agreement with the spacer diagram by Parkin et al.36 and Bloemen et al.38. Our results 

show that interlayer exchange coupling depends critically on the Ru thicknesses, particularly for 

thinner spacers, for which slight variations in tRu may change the exchange interaction (Jex) sign. 

  

Table 1. Experimental results and sign of exchange coupling for various Ru thicknesses. 

Ru thickness (nm) MFM vortex MOKE crossed cycle Sign of Jex 36,47 
0.3 YES NO NEGATIVE - FM 
0.5 NO YES POSITIVE - AFM 
0.8 NO YES POSITIVE - AFM 
1.0 YES NO NEGATIVE - FM 
1.5 NO YES POSITIVE - AFM 
2.0 NO YES POSITIVE - AFM 
3.0 NO YES POSITIVE - AFM 
4.0 Random NO NEGATIVE – FM 
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Conclusions 

We found a crossover from a magnetic vortex to a double magnetic pole state as a function 

of Ru thickness in diamond-shaped Py/Ru/Py trilayer nanostructures. The unusual magnetic 

hysteresis loops can be understood as a consequence of two coupling mechanisms between the 

Py layers: magnetostatic interaction that favors antiparallel alignment and interlayer exchange 

coupling that oscillates between ferromagnetic (FM) and antiferromagnetic (AFM) alignment. 

Fine-tuning the Ru spacer thickness to achieve FM coupling between the Py magnetic layers, 

results in the formation of magnetic vortices in the upper and lower layers. The largest FM 

interaction observed corresponds to the thinnest Ru spacer, although even at 4.0 nm Ru 

thicknesses there are still observable effects due to the FM coupling. Furthermore, double pole 

magnetic structures are observed when the magnetostatic coupling prevails, and the layers are 

antiparallelly coupled. 
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