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Magnetic order and disorder 
in nanomagnets probed by 
superconducting vortices
V. Rollano1, J. del Valle2,3, A. Gomez4, M. Velez   5,6, L. M. Alvarez-Prado5,6, C. Quiros5,6, 
J. I. Martin5,6, M. R. Osorio1, D. Granados1, E. M. Gonzalez1,2 & J. L. Vicent1,2

We have studied two nanomagnet systems with strong (Co/Pd multilayers) and weak (NdCo alloy films) 
stray magnetic fields by probing the out-of-plane magnetic states with superconducting vortices. The 
hybrid samples are made of array of nanomagnets embedded in superconducting Nb thin films. The 
vortex motion detects relevant magnetic state features, since superconducting vortices are able to 
discriminate between different magnetic stray field strengths and directions. The usual matching effect 
between the superconducting vortex lattice and the periodic pinning array can be quenched by means 
of disorder magnetic potentials with strong stray fields at random. Ordered stray fields retrieve the 
matching effect and yield asymmetry and shift in the vortex dissipation signal. Furthermore vortices can 
discriminate the sizes of the nanomagnet magnetic domains, detecting magnetic domain sizes as small 
as 70 nm. In addition, we observe that the vortex cores play the crucial role instead of the supercurrents 
around the vortex.

Superconductivity and magnetism are two long range order phenomena which do not seem to be compatible at 
first sight. In spite of this perspective, the coexistence of both cooperative effects in the same material was fore-
seen and studied long time ago1. A pioneering experimental work was reported by Matthias et al.2. Taking into 
account these results, Anderson and Shul3 found the conditions for spin alignment in the superconducting state 
in the case of rare earth magnetic moments diluted in a superconductor. Years later, long range order magnetism 
and superconductivity were found in ternary rare earth compounds4. Magnetism with reentrant superconduc-
tivity behavior5, as well as ferromagnetism and superconductivity coexistence6 without reentrant behavior were 
reported in these ternary rare earth crystals. After the finding of these pioneer compounds many materials have 
been found where both cooperative phenomena are present. Very different compounds can be quoted, some 
examples are RuSr2GdCu2O8 and UGe2

7,8. Nowadays, the most interesting finding is the iron-based compound 
family9, as well as the coexistence and emergence of both phenomena in very peculiar sites, as for example inter-
faces10. In this scenario of interplay and coexistence between magnetism and superconductivity, another remark-
able advance was foreseen by Matthias and Suhl11. These authors suggested that the superconducting regions 
extend only through the thicknesses of the ferromagnetic domain walls. This interesting idea was worked out and 
expanded by Tachiki et al.12, Kulic13 and Buzdin et al.14,15. These authors found that the crucial parameter is the 
superconducting coherence length; they concluded that the comparison between this length and the domain wall 
or the domain size precludes or enhances the coexistence of superconductivity and magnetism.

Eventually, over the years the interplay between magnetism and superconductivity has evolved from com-
petition to collaboration. The role played by magnetism in promoting superconductivity has called the atten-
tion of many researchers. In this way, the new scenario opened by magnetic/superconducting nanostructured 
hybrids has allowed tailoring superconducting properties almost at will by using the appropriate design of the 
nanomagnets. A simple example is to use applied magnetic fields to compensate, at the nanoscale, the stray 
fields coming from the nanomagnets. In this way, external magnetic fields promote superconductivity instead 
of preventing it16–18 giving rise to the so-called magnetic-field-induced superconductivity. The combination of 
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nanomagnets in contact with superconductors has generated a complete and mature field where researchers have 
been able to obtain remarkable achievements; a couple of examples could be control of vortex motion19–22, and 
vortex-antivortex interplay23–25. In this work, we have fabricated arrays of nanomagnets embedded in supercon-
ducting films and we have taken the opposite approach, we have explored whether or not we can obtain infor-
mation of the magnetic states of nanomagnets using the motion of superconducting vortices as a probe. Belkin  
et al.26 have reported the influence of magnetic domain structure on vortex dynamics. In the present work, we are 
going one step further and we show that vortex lattice motion detects subtle differences linked to the strengths 
and configurations of the stray magnetic fields generated by nanomagnets. The increased pinning is due to weak-
ened superconductivity. This weakened superconductivity is due to superconducting currents induced by the 
local magnetic field gradients at the domain walls and edges of nanomagnets26,27.

In nanomagnets, the domain sizes are usually governed by magnetostatic effects related to geometry and 
size of the magnetic nanoelement28. This gives rise to simple magnetic configurations, such as single domain, 
vortex state, etc, in which the domain size is comparable to the patterned element size. Stray fields created by 
each magnetic element and the order in the periodic array can be used to tune periodic pinning effects in the 
superconducting/magnetic hybrid29. An interesting but unexplored option would be to reduce magnetic domains 
below typical patterned element size (100 nm to 1000 nm). This can be done with materials which exhibit perpen-
dicular magnetic anisotropy (PMA). Domain size can be varied from a few nm to several μm with a large variety 
of geometrical configurations (parallel stripes, labyrinths, bubbles, single domain …) depending on the inter-
play between material parameters (saturation magnetization MS, anisotropy KN and disorder), element geometry 
(thickness and lateral dimensions) and magnetic history22–30. In a film, domain configuration is governed by Q, 
the ratio of perpendicular magnetic anisotropy KN to magnetostatic energy Q = 2KN/μ0MS

2 and by the effect of 
disorder on nucleation and propagation processes of reversed domains31. High Q values (of the order 2 to 10) can 
be found, for example, in Co/Pd multilayers32–35 with high out-of-plane remanence (MR ≈ MS) and large domain 
sizes during magnetization reversal36. A smaller domain size regime can be accessed in lower Q materials such as 
NdCo amorphous alloys (Q in the 0.1–1.5 range, depending on temperature and composition)37,38. These films 
display reduced remanent magnetization (MR below 0.1 MS) characteristic of stripe domain patterns, with very 
small domain sizes39. In summary, Co/Pd multilayers and (NdCo) films exhibit very different magnetic scenarios, 
since the former shows well defined and strong perpendicular magnetic anisotropy (high values of Q) and large 
domain sizes, and the latter shows a weak perpendicular magnetic anisotropy (low values of Q) and small domain 
sizes. Therefore, we are dealing with two limit situations: a) stray fields with high strengths and covering large and 
well defined areas and b) stray fields with low strengths and covering small and disordered areas.

The paper is organized as follows: In the results section, first we present the experimental results of sample A 
(Nb film/Co-Pd multilayer) and then the experimental results of sample B (Nb film/NdCo alloy). In the discus-
sion section we analyze the experimental data for both samples. This discussion section is followed by a long sum-
mary and conclusions section where we present the most relevant outcomes. In the last section the fabrication 
and experimental methods are explained.

Results
Sample A (Nb film/Co-Pd multilayer).  The array of Co/Pd triangles has been prepared in two different 
magnetic configurations. First, the sample has been measured in the “as grown” state, with remanence MR ≈ 0. 
This demagnetized state is reached in the usual way by minor hysteresis loops decreasing the strength of the 
applied magnetic field up to zero. A Magnetic Force Microscopy (MFM) image of the as grown state (Fig. 1(a)) 
shows that each triangle is broken up into a small number of black/white contrast regions (two or three) that 
correspond to large domains with opposite out-of-plane magnetization of sizes similar to the triangle dimensions 
very similar to multidomain states observed in CoPt dots40. Domain configuration is uncorrelated from triangle 
to triangle, indicative of a disordered magnetic state. This will be labelled as “Sample A - as grown”. Second, the 
sample has been saturated with a strong out-of-plane Hz magnetic field (30 kOe) and brought down to remanence 
(labelled as “sample A – Hz remanence”). In this case, a more ordered configuration appears (see the remanent 
MFM image in Fig. 1(b) In this image magnetic contrast is weaker, corresponding to positive Mz orientation in 

Figure 1.  MFM image of Co/Pd triangles at 300 K: (a) as grown; (b) at remanence after out-of-plane saturation.
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most triangles. A broad a white contrast region can be seen at the triangle centers, corresponding to a mostly 
out-of-plane magnetization state28,40. The out-of-plane hysteresis loop of the patterned array of Co/Pd triangles 
presents a high value of the remanent magnetization MR = 0.85 MS, in agreement with the MFM characterization.

Material properties of Co/Pd multilayers are only weakly temperature dependent below room temperature 
(both saturation magnetization41 and perpendicular magnetic anisotropy42). Thus, taking into account that the 
magnetic configuration of the Co/Pd triangles depends on the interplay between magnetostatic energy (given 
by shape and saturation magnetization), exchange and anisotropy energies that are only weakly temperature 
dependent, we can assume that room temperature magnetic configuration does not change significantly as tem-
perature goes down to 4 K. Therefore, given the weak temperature dependence of the magnetic properties of Co/
Pd multilayers41,42, these magnetic configurations stay invariant as the temperature is lowered down to 4 K in 
order to study the behavior of the hybrid superconducting/magnetic system.

Magnetotransport measurements have been carried out in the hybrid sample Nb film on top of the array of 
triangles made with Co-Pd multilayers, at constant temperature close to the superconducting critical tempera-
ture, where the effect of the periodic pinning due to the array overcomes the random intrinsic pinning and the 
resistance minima appear43–45 (see methods). Figure 2 shows the experimental results in the sample A - as grown. 
Remarkably, the resistance minima are absent. Figure 3 shows the magnetoresistance in the case sample A – 
Hz remanence. Two experimental facts can be underlined: i) sharp and well-defined resistance minima appear 
(notice the log scale in Y-axis), evenly spaced at the expected value 36 Oe, obtained from B = n Φ0, Φ0 being the 
quantum fluxoid (Φ0  = 2.07 10−7 gauss cm2) and n being the density of pinning centers; i.e. n = 1/(a × b) (a, b 
being the sides of the rectangle unit cell of the array). ii) The R(H) curves are symmetrically shifted from the zero 
magnetic field value, when the remanent magnetization (Mz) is changed from up to down.

Recently, del Valle et al. have reported two interesting findings on commensurability effects in hybrid samples 
fabricated with arrays in contact with superconducting films46. First, periodic roughness in the superconducting 
film is enough to generate resistivity minima. According to this result a matching effect should be observed 
in hybrid sample A-as grown (Nb film/[Co/Pd] multilayer triangles). In this sample the periodic roughness is 
obtained by the triangular array embedded in the Nb film. Therefore, the periodic array has to induce commensu-
rability effect between the vortex lattice and the array and resistance minima should be observed. Figure 2 shows 
that this matching effect is absent. The second finding reported in46 is that preserving the local order is crucial 
to achieve matching effects. If the local order is not retained the magnetoresistance minima vanish. These two 
findings are a hint to explain the lack of magnetoresistance minima in sample A-as grown. As seen in Fig. 1 (a)  

Figure 2.  Magnetoresistance of sample A-as grown (Nb film/[Co/Pd] multilayer triangles) Tc(H = 0) = 8.42 K.

Figure 3.  Magnetoresistance of sample A – Hz remanence (Nb film/[Co/Pd] multilayer triangles) 
Tc(H = 0) = 8.42 K.
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the demagnetized state of sample A shows nanomagnets with large areas of up and down stray fields but with 
different distribution from one triangle to another. The array of triangles does not show any local magnetic order 
at all. The effect of random distribution of the stray fields, which are different in each triangle, is strong enough to 
overcome the slowdown of the vortex motion (resistance minima) which should happen at certain magnetic field 
values (commensurability effect). Therefore, we can conclude that the geometrical matching effect is weaker than 
the effect of the random magnetic pinning potentials. In this case, the lack of local magnetic order suppress the 
effect induced in the vortex lattice dynamics by the periodic roughness on the hybrid sample.

The resistivity minima appear when the sample is at the remanent state after saturation, see Fig. 3. The most 
remarkable effect is the asymmetry of the signal and the strong shift with the applied magnetic field. Morgan and 
Ketterson47 reported an asymmetry in critical currents when the array of magnetic nanodots shows out-of-plane 
magnetization. Actually, Fig. 3 is a clear proof of the existence of magnetic-field-induced superconductivity16–18. 
In hybrid sample A the applied magnetic field enhances the critical temperature from Tc (H = 0) = 8.42 K to Tc 
(H = 240 Oe) = 8. 50 K, see48, being 240 Oe the compensation field. Moreover, the superconducting vortex motion 
discriminates between upward (positive) or downward (negative) magnetization at remanence. The magnetore-
sistance shift to positive or negative values of the magnetic field is a good fingerprint of the remanent magneti-
zation direction.

Sample B (Nb film/NdCo alloy).  The magnetic configuration of sample B at different temperatures has 
been obtained from micromagnetic simulations performed with MuMax3 code49 as reported in50. At each tem-
perature constant MS and Kn values are used, obtained from the experimental characterization of single Nd-Co 
films39,50. Material microstructure in Rare Earth-Transition Metal alloys is usually described in terms of random 
magnetic anisotropy models51,52. Thus, to simulate microstructural disorder, the sample has been divided into a 
random set of exchange coupled “grains” of average size 12 nm and easy anisotropy axes randomly distributed 
around the average out-of-plane magnetization direction in a cone of width Δα (typically of the order of 15°). 
Figure 4(a) shows a micromagnetic calculation of the as-grown magnetict state of NdCo triangle (55 nm thick, 
650 nm side) using room temperature (RT) material parameters MS(RT) and KN(RT). The triangle is divided in 
up/down (white/black) stripe domains that do not show any global preferred orientation due to the absence of an 
applied field. Only, near the borders, stripes tend to orient either parallel or perpendicular to the triangle edges, 
as expected for energy minimization53. Stripe width is quite regular, in the 50–80 nm range, almost an order of 
magnitude smaller than triangle size. These smaller domains are the result of magnetostatic energy minimization. 
They significantly reduce the stray field created by the magnetic triangles on the Nb film in the hybrid magnetic/
superconducting sample both in intensity and in spatial range31.

The low temperature magnetic configuration in “sample B-as grown” has been simulated starting with the 
configuration in Fig. 4(a) and gradually changing material parameters from the ones at room temperature to the 
ones at low temperature values, without any external applied field (i.e. gradually increasing MS from MS(RT) to 
MS(LT) and KN from KN(RT) to KN(LT)).

Figure 4.  Micromagnetic simulations of NdCo triangles: (a) at room temperature with Q(RT) = 0.3 starting 
from a disorder state at zero field; (b) at low temperature with Q(LT) = 1.4 starting from state in (a) at zero field; 
(c) at low temperature with Q(LT) = 1.4 starting from an out-of-plane saturated state in high field (μ0Hz = 3 T) 
and reducing H down to zero along a hysteresis loop. Images show the magnetization configuration at the 
central plane of the triangle, black/white contrast corresponds to −MS/+MS out of plane magnetization, 
respectively. The size of the triangle is exactly the same that the fabricated NdCo triangle. Note that domain 
boundaries are Bloch walls inside the sample, see (d) arrow sketch, with small Neel caps near the surface31. Walls 
become sharper as temperature is reduced.
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The result is shown in Fig. 4(b). The magnetic state at room temperature is frozen when the temperature is 
lowered; i. e. the global disorder at room temperature remains at low temperature. The only change obtained, 
decreasing temperature, is that domain walls between up and down domains become narrower due to the larger 
KN. A fully different picture appears when the state “sample B – Hz remanence” is simulated; see Fig. 4(c).

In this case, the sample is saturated, at low temperature, with a strong out of plane field and the magnetic 
configuration is simulated as the field is decreased down to remanence along a hysteresis loop. As can be seen, 
reversed magnetic domains are strongly disordered both in size and position within the triangle. This can be 
attributed to the lower mobility of the narrower low temperature domain walls that become more easily pinned 
at material defects.

Micromagnetic simulations in arrays with increasing degree of microstructural disorder give interesting 
insight into the different magnetic behavior of samples A and B at low temperatures (both of them with Q > 1, 
i.e. stronger anisotropy than magnetostatic energy terms). Figure 5 shows the reduced remanent magnetization 
MR/MS of triangles with Q = 1.4 and increasing Δα, i.e. increasing disorder in easy anisotropy axes. For low Δα, 
i.e. ordered material with well aligned easy axes, MR/MS ≈ 1 and no reversed domains are observed at remanence 
(with a behavior equivalent to the high remanence Co/Pd alloys). Only for Δα above 10°, microstructural disor-
der becomes large enough to favor nucleation of reversed domains inside the triangle as the field is reduced from 
saturation to remanence (corresponding to the low remanence values of Nd-Co alloys).

In sample B (NdCo alloy) the behavior of the magnetoresistance clearly deviates from the behavior recorded 
in sample A (Co-Pd multilayer) in both states. Figure 6 shows the magnetoresistance in sample B-as grown state. 
Sharp resistance minima appear and they follow the well-known behavior reported in many hybrid systems45 and 
references therein. That is, the periodicity of the minima is related to matching effects with the array. We have to 
remember that in sample A-as grown the minima are absent.

Figure 7 shows the magnetoresistance data in sample B – Hz remanence. That is, the data are recorded after 
zero-field cooling up to 10 K and then applying an out of plane saturating magnetic field (30 kOe) and reducing 
the field to zero. Interestingly, in this remanent state of the NdCo alloy nanotriangles, the magnetoresistance 

Figure 5.  Remanent magnetization of Nd-Co triangles (LT Q = 1.4) as a function of magnetic disorder (Δα is 
the angular width of the random distribution of easy anisotropy axes). Reversed domains are only observed for 
Δα above 10°. The line is a guide to the eye.

Figure 6.  Magnetoresistance of sample B-as grown (Nb film/NdCo alloy triangles). Temperatures from up to 
down curves: 8.57 K, 8.53 K, 8.50 K, 8.44 K and 8.35 K. Tc (H = 0) = 8.61 K.
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curves in the hybrid sample follow an unexpected trend. The usual behavior is a strong enhancement of the pin-
ning effects when the temperature is decreased45 and references therein. In sample B – Hz remanence the opposite 
happens; the matching effect vanishes decreasing the temperature.

Discussion
The main results can be summarized as follows: i) as grown states display a complete different behavior. In one 
case, strong anisotropy (sample A), matching effects are absent; but in the case of moderate magnetic anisotropy 
(sample B), matching effects are present and follow the usual behavior. ii) HZ remanent state of the sample with 
strong anisotropy (sample A) gives rise to a R(H) curve strongly shifted, while in the case of moderate anisotropy 
(sample B) the minima are symmetric but they vanish decreasing the temperature.

We can explain this complex behavior taking into account the interplay between disorder and order of pinning 
magnetic potentials generated by stray magnetic fields, as well as, the competition between two characteristic 
length scales: the magnetic domain sizes and the superconducting vortex core dimension.

As Fig. 6 shows, sample B – as grown exhibits the usual behavior of the vortex dynamics on periodic arrays 
reported in the literature (see for instance in45 and references therein). The superconducting vortex lattice 
matches with the array unit cell and well-defined magnetoresistance minima appear which are easier detected 
decreasing the temperature.

The most remarkable difference between sample A and sample B is that the latter shows a moderate out of 
plane magnetic anisotropy and consequently the distribution of stray fields up and down is weaker than in sample 
A (see Fig. 4). This smoother combination produces a less effective effect of the stray fields on the vortex dynamics 
than in sample A. So the magnetic contribution to matching effects is smaller than in sample A and the geometri-
cal pinning potentials govern the vortex dynamics. Therefore, the vortex dynamics behaves as usual45.

To shed light on these differences between these two systems an estimation, by micromagnetic simulations, 
of the stray field strength variations have been performed in two situations: magnetic stray fields on top of the 
triangles and out of the triangles. In sample A (Nb film/Co-Pd multilayer), with no external field and at a height 
z = 50 nm (in the center of the Nb film), the calculation shows that the stray field is in the 600–1000 Oe range on 
top of the triangles, and around 250–350 Oe in the interstitial areas, among triangles. This means that each trian-
gle generates a magnetic flux around 5 Φ0, enough to induce 5 vortex-antivortex pairs and in good agreement with 
the experimental shifted magnetoresistance ad the results reported by del Valle et al.48. In the case of sample B (Nb 
film/NdCo alloy) the stray field generated by a 55 nm thick NdCo film at the mid-plane (height z = 50 nm) of the 
100 nm Nb film is of the order of 300 Oe in average on top of each magnetic triangles domains and the stray field is 
40 Oe in the interstitial region among triangles at 50 nm height (in the center of the Nb film). This value is too low 
to generate interstitial vortices (anti-vortices) in these regions, as can be seen by the zero-shift magnetoresistance 
curves, which means that there is not compensation field in this sample. In addition, the values of the stray fields 
are a clue to explain the magnetoresistance differences in the as-grown states. In sample A the disorder of strong 
stray fields overcomes the geometric order and the matching effect vanishes, conversely in sample B the smaller 
stray field strength does not preclude the matching effect and the periodic pinning effect induces the resistivity 
minima.

More interesting is the magnetoresistance behavior in the case of sample B – Hz remanence (see Fig. 7). The 
most remarkable effect is that decreasing the temperature, the minima disappear. To explain this striking finding 
we have to deal with a new parameter: the size of the superconducting vortices. As was noticed in the introduction 
section, in principle, two mechanisms can be taken into account: i) the induced screening supercurrents needed 
to expel the stray magnetic fields and ii) the interplay between the coherence length (vortex core) and the mag-
netic domain or wall domain sizes. It turns out that the latter mechanism has been named by several authors11–15 
as the clue to explain the coexistence between superconductivity and magnetism. The vortex cores have to be 
commensurable with the magnetic domain sizes. Figure 7 shows a crossover from a regime in which resistance 
minima are observed to another regime in which minima are absent. This crossover happens decreasing the 
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Figure 7.  Magnetoresistance measurements for sample B – Hz remanence state (Nb film/NdCo alloy triangles). 
Temperatures from up to down curves: 8.53 K, 8.48 K, 8.43 K and 8.35 K. Tc (H = 0) = 8.61 K.
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temperature. That is the vortex core shrinks. In our analysis, it is crucial to obtain an estimation of the vortex 
cores, i. e. the superconducting coherence lengths. The temperature dependence of the superconducting coher-
ence length ξ (T) can be obtained as usual from the measurement of the upper critical field temperature depend-
ence, Hc2(T), see54. The temperature dependence of the coherence length ξ (T) is plotted in Fig. 8. The shadow 
area represents the region where the coherence lengths are of the order or smaller than the domain sizes which 
can be estimated around 70 nm, see Fig. 4(c) and37–39,50. Interestingly, the crossover temperature is similar to the 
temperature where the resistance minima disappear. This experimental result can be double checked measuring 
the temperature dependence of the critical currents. Minima in resistances correspond to maxima in critical cur-
rents. Inset in Fig. 8 shows Ic (H) at constant temperature in the relevant temperature interval. We can observe the 
same temperature crossover that is found in the magnetoresistance (Fig. 8 inset). Hence, we can conclude that the 
vortices with core dimensions larger than the domain sizes average over the magnetic landscapes and they only 
follow the geometrical matching effects; but when the vortex cores shrink they begin to interact with the random 
magnetic domains and the magnetoresistance minima vanish.

It is interesting to note that superconducting vortices are sensitive to the subtle differences in disorder between 
as grown and Hz-remanence states: minima only vanish due to the disorder in the magnetic state for the latter 
state, in which magnetic domains are disordered both in size and position. In the as grown state, that retains cer-
tain degree of uniformity in domain size, minima are still present.

Conclusions
Our work deals with the interplay between commensurate pinning (created by the periodic triangle array) and 
order-disorder magnetic pinning created by the domain structure of two different materials. Two different length 
scales are involved in this order-disorder competition that are analyzed using either Co-Pd multilayer or NdCo 
alloy.

Disorder on a length scale comparable with nanomagnet size and array unit cell dimensions.  
This is achieved with a Co/Pd sample in the as-grown state: there are only one or two domains per triangle with 
sizes of several hundreds of nm, i.e. comparable to array unit cell (800 nm): Previous works46 had shown that 
physical displacement of the pinning sites on a length scale comparable with the array length scale quench peri-
odic pinning and minima in the resistivity disappear. The results for sample A (Figs 1a and 2) show an alternative 
method to create disorder on this same length scale (using the domains within each Co/Pd triangle) but with 
a clear advantage over the method used in46: Magnetic disorder is erasable with a magnetic field (as shown in 
Fig. 3) in contrast with topographic disorder that is fixed once the sample is fabricated. Magnetic domain size also 
governs the spatial extension of the stray field in the superconductor. Single domain state comparable to element 
size (Fig. 3) creates an effective magnetic field on the Nb films that displaces the magnetoresistance curve either 
to positive or negative field values.

Disorder on a length scale smaller than nanomagnets size and array unit cell dimensions (but 
comparable to vortex size at low temperatures).  The different behavior between sample A (Pd-Co 
multilayer) and sample B (NdCo alloy) clearly show that domain size is an important factor in magnetic pinning 
effect. Three important novel experimental facts are observed:

	 a.	 Small magnetic domains do not create asymmetries in the magnetoresistance curve (neither in the as-
grown or remanent states). This is a direct consequence of small mixed up/down domains that minimize 
magnetostatic energy so that the stray field barely extends beyond the magnetic triangles.

	 b.	 Periodic pinning depends on the averaging of the effective magnetic pinning potential over vortex size 
(with a crossover when vortex size is of the order of magnetic domains). If the magnetic domain size is 

Figure 8.  Sample B (Nb film/NdCo alloy). Y-axis coherence length (ξ). X-axis reduced temperature 
Tc(H = 0) = 8.61 K. Shading area shows lengths smaller than the sizes of the magnetic domains. Inset: Sample B 
(Nb film/NdCo alloy). Y-axis critical currents (Ic). X-axis applied magnetic fields. Temperatures from down to 
up curves: 8.56 K, 8.52 K, 8.43 K and 8.35 K. Tc(H = 0) = 8.61 K. Voltage criterion to obtain Ic is V = 3 × 10−7 V.
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smaller than the coherence length (vortex core) the local order parameter in the superconductor cannot 
follow such rapid spatial modulations and the vortex “sees” an uniform order parameter, i.e. there is no 
pinning (as pinning depends on the gradients of the order parameter in the superconductor55). This is in 
agreement with earlier global measurements17 and locally images by STM in56.

	 c.	 Subtle differences in magnetic disorder result in very different superconducting pinning behavior: 1) as-
grown NdCo triangles display disordered stripes frozen from the high temperature configuration (Q = 0.3 
at RT) in which orientation order is lost but there is a certain order in stripe domain position (stripe width 
is fixed and stripes tend to meet triangle borders either parallel or perpendicular) and 2) Hz-remanent 
NdCo triangles with magnetic disorder both in size and domain position/orientation. This second kind of 
disordered magnetic state is able to compete effectively with periodic pinning (no minima are observed 
at low temperatures) as long as vortex size is small enough to interact with the smaller domains in each 
triangle.

Finally, we want to stress that superconducting vortex dynamics can discriminate among magnetic states 
in arrays of nanomagnets: different remanent states of the magnetic arrangement of nanomagnets and subtle 
magnetic differences produce qualitatively different responses in the superconducting vortex dynamics since 
superconducting vortex lattice motion probes both the local magnetic state of nanomagnets and the ordered or 
disordered magnetic state in array of nanomagnets.

Methods
The periodic arrays of magnetic triangles have been fabricated by e-beam lithography and lift off on Si (100) 
substrates, as reported before, see for instance48. The equilateral triangles (650 nm sides) are arranged following a 
rectangular unit cell of 800 nm × 700 nm. The two different magnetic systems [Co/Pd multilayer (sample A) and 
NdCo alloy (sample B)] have been deposited by dc magnetron sputtering on Si (100) substrates, see details in29 
and37–39 respectively. On top of these arrays, Nb film was grown by magnetron sputtering with 100 nm thickness, 
with a base pressure of 5 × 10−8 Torr. Finally, for electric transport measurements, an 8-terminal cross-shaped 
bridge was defined using optical lithography and Ar/SF6 (1:2) Reactive Ion Etching. The area of the bridge is 
40 μm × 40 μm. In sample A the magnetic layer is a {Co [0.4 nm]/Pd [0.6 nm]} with total thickness 40 nm, depos-
ited by sputtering from single Co and Pd targets. This Co/Pd multilayer is a magnetic system with perpendic-
ular anisotropy and with saturation magnetization Ms (RT) = 5 × 105 A/m57. Co and Pd layer thicknesses and 
sputtering pressure during growth were selected to optimize out-of-plane remanent magnetization. In a Co/Pd 
multilayer film of similar composition MR is 0.95MS (obtained from an out-of-plane hysteresis loop measured 
with a SQUID magnetometer at 5 K), characteristic of very strong perpendicular magnetic anisotropy (PMA) 
as was reported in the literature29,32–36. In sample B, the magnetic layer is a Nd16Co84 film with 55 nm thickness, 
deposited by sputtering from Nd-Co target of a similar composition50. Nd16Co84 is a soft ferromagnetic alloy with 
MS(RT) = 7 × 105 A/m and PMA KN(RT) = 105 J/m3 at room temperature (RT), i.e. Q(RT) = 0.3 corresponding to 
a weak PMA material. Equilibrium domain configuration consists of parallel stripes with alternating up-down 
magnetization and width in the 50–60 nm range37–39 depending on sample thickness39,58. In the demagnetized 
state, stripe domains become branched and curved in a labyrinth configuration37 but they retain its characteristic 
width given by the competition between magnetostatic and anisotropy energies. At low temperatures (LT) (10 K), 
the anisotropy in the material increases up to KN(LT) = 1.8 × 106 J/m3 at 10 K37,38, with MS(LT) = 1.4 × 106 A/m. 
Thus, at low temperature Q increases up to Q = 1.4 which corresponds to a material with moderate anisotropy. In 
NdCo films of similar composition, out-of-plane remanence at low temperature presents relatively low values, of 
the order of 0.1 MS

37,38, characteristic of strong disorder that favors reversed domain nucleation at positive fields 
and a disordered multidomain state at remanence.

Superconducting vortex motion is the proposed “experimental technique” to detect the magnetic states of 
these systems. Magneto-transport R(H) experiments, R being the resistance, were done with a magnetic field H 
applied perpendicular to the substrate in a liquid helium system with superconducting magnet48. The applied 
magnetic field does not modify the remanent magnetic state of the samples. The vortex lattice is set in motion by 
a driven current applied perpendicular to the base of the triangles. The dc magnetoresistance exhibits commen-
surability effects43–45 in which dissipation minima develop as a consequence of the geometrical matching between 
the vortex lattice and the underlying periodic structure. At these matching fields, the vortex-lattice motion slows 
down, and R(H) sharp minima appear at well-defined and equally spaced values of the applied field H. The first 
matching field is the one for which the density of vortex lattice equals the density of pinning centers.We have 
chosen triangular shape for the nanomagnet instead the usual circular dots, since equilateral triangles are a good 
reference for selecting the driving current direction and the vortex motion, as well as the magnetic stripe domain 
directions, since stripes prefer to meet triangle borders either parallel or perpendicular40.

Data availability statement.  The datasets generated and/or analysed during the current study are available 
from the corresponding author on reasonable request.
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