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Superconducting imprint 
of magnetic textures 
in ferromagnets with perpendicular 
magnetic anisotropy
A. Sander1,6, G. Orfila2,6, D. Sanchez‑Manzano2, N. Reyren1, M. A. Mawass3, F. Gallego2, 
S. Collin1, K. Bouzehouane1, K. Höflich3,5, F. Kronast3, F. Grilli4, A. Rivera‑Calzada2, 
J. Santamaria2, J. E. Villegas1 & S. Valencia3*

Research on proximity effects in superconductor/ferromagnetic hybrids has most often focused 
on how superconducting properties are affected—and can be controlled—by the effects of the 
ferromagnet’s exchange or magnetic fringe fields. The opposite, namely the possibility to craft, 
tailor and stabilize the magnetic texture in a ferromagnet by exploiting superconducting effects, 
has been more seldom explored. Here we show that the magnetic flux trapped in high-temperature 
superconducting YBa2Cu3O7-δ microstructures can be used to modify the magnetic reversal of a 
hard ferromagnet—a cobalt/platinum multilayer with perpendicular magnetic anisotropy—and to 
imprint unusual magnetic domain distributions in a controlled manner via the magnetic field history. 
The domain distributions imprinted in the superconducting state remain stable, in absence of an 
external magnetic field, even after increasing the temperature well above the superconducting critical 
temperature, at variance to what has been observed for soft ferromagnets with in-plane magnetic 
anisotropy. This opens the possibility of having non-trivial magnetic configuration textures at room 
temperature after being tailored below the superconducting transition temperature. The observed 
effects are well explained by micromagnetic simulations that demonstrate the role played by the 
magnetic field from the superconductor on the nucleation, propagation, and stabilization of magnetic 
domains.

Conventional (singlet) superconductivity and ferromagnetism are antagonistic phenomena which rarely coexist 
in bulk materials1,2. While conventional superconductivity requires the antiparallel alignment of the electron’s 
spin in (singlet) Cooper pairs, ferromagnetism favors their parallel arrangement. This has motivated the inves-
tigation of superconductor/ferromagnet (SC/FM) interactions in hybrids such as multilayers where supercon-
ductivity and ferromagnetism reside in different layers. Many of these studies have focused on investigating how 
superconducting properties are affected or can be manipulated by the exchange interaction or the magnetic stray 
fields from the ferromagnet. This includes, for instance, effects on the superconducting critical temperature TC 
(Refs.3,4) or on the critical currents5–8. The effect of SC stray fields on the FM domain textures has been addressed 
less often. Recent reports, both theoretical and experimental, have shown the possibility to use SCs to craft non-
trivial magnetization textures, stable at zero magnetic field, in adjacent ferromagnets with lateral dimensions 
ranging from the nano9–11 to the micro-scale12–14. Such effect stems from the inhomogeneous magnetic stray 
field from the superconductor −→H SC (x,y), which is created either directly by superconducting vortices9–11 or by 
the circulation of screening supercurrents12–14 and the penetration and pinning of magnetic flux quanta15,16. The 
stray magnetic field arising from screening supercurrents, which depends on magnetic field history16,17 and on 
the geometry of the SC structure18,19, can modify the magnetic domains distribution of an overlying FM thin 
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film19–23. Indeed, recent experiments exploit this SC/FM interaction to characterize superconducting film proper-
ties using the ferromagnetic layer as a magneto-optically active material24, or to imprint magnetic unusual spin 
textures such as the recently reported skyrmion-like magnetic domain configurations in soft ferromagnets10.

Most of the research on the imprint of magnetic domains by means of superconductor stray fields has focused 
on YBa2Cu3O7-δ/FM hybrids with the FM being a thin layer with in-plane magnetic anisotropy (IMA), namely 
Co40Fe40B20 (Refs.25,26) or Fe20Ni80 (Py) (Refs.10,14,27,28). In these systems the imprinted domain´s magnetization, 
essentially confined in plane10,14,28, is only stable well below TC (Ref.28).

In this work we investigate the superconducting imprint and stabilization, in the absence of an external mag-
netic field, of magnetic textures in hybrid SC/FM structures with SC being the high temperature superconductor 
YBa2Cu3O7−δ (YBCO) and FM a ferromagnetic multilayer with strong perpendicular magnetic anisotropy (PMA), 
namely a Co/Pt multilayer. We show that the superconducting field generated by micrometric YBCO squares and 
discs modifies the magnetization reversal at a local scale. While in the normal state of YBCO the switching of 
the local magnetization occurs randomly upon application of a sufficiently high out-of-plane external magnetic 
field Hz

ext,, in the superconducting state the magnetization switches at significantly lower Hz
ext near the edges of 

the structure rather than at its center where nucleation occurs for larger fields, leading to a spatial distribution 
of switching fields whose symmetry is dictated by the SC structure’s geometry.

In the studied cases of SC squares and discs, that effect allows artificially imprinting concentric magnetic 
domain regions with antiparallel out-of-plane magnetization orientation. The relative size of these regions at 
remanence (Hz

ext = 0) depends on the applied magnetic field history. Temperature dependent measurements 
demonstrate that the imprinted domain structure remains stable well above the superconducting transition 
temperature.

Experiment
A 130 nm thick YBCO layer was deposited by means of d.c. magnetron sputtering on top of a (001)-oriented 
Nb-doped SrTiO3 substrate. YBCO growth conditions were optimized for epitaxial c axis growth. X-ray char-
acterization and high-resolution microscopy ruled out the presence of a–b axis growth. CuO precipitates are 
typically observed at the surface of our samples (Supplementary Fig. S1). They result of the strongly oxidizing 
atmosphere of the high-pressure pure oxygen sputter deposition. The presence of CuO precipitates affects the 
(vortex) pinning landscape, and thus the vortex distribution of the Abrikosov vortex lattice. However, over the 
much longer length scale considered in the critical state model, the effect of those defects is averaged and boils 
down to a global increase of the critical current. Details of the deposition conditions are reported elsewhere3. 
Superconducting YBCO squares (13 µm side) and discs (13 µm diameter) were defined by means of optical 
lithography and wet etching. After this etching procedure, a [Co (0.6 nm)/Pt (1 nm)] × 5 multilayer—grown on 
top of a 5 nm Pt buffer favoring the (1 1 1)-texture that produces a large PMA—was deposited over the entire 
sample surface using magnetron sputtering at room temperature.

To investigate the role of superconducting stray fields on the magnetic domain configuration of the Co/Pt 
multilayer we imaged the domains distribution at remanence after out-of-plane magnetic field pulses Hz

pulse and 
compared the results for experiments above and below TC. The magnetic domain pattern on the FM multilayer 
was imaged by means of photoemission electron microscopy (PEEM) using X-ray magnetic circular dichroism 
(XMCD) as magnetic contrast mechanism29,30 (Fig. 1a), see “Methods” section.

Results
Figure 1b depicts the averaged Co L3,2 X-ray absorption spectrum (XAS) obtained on FM film deposited on a 
SC disc structure (dots). The spectral shape is alike to that measured at (Co/Pt)5 regions without SC underneath 
(line) as well as to that reported for metallic Co (Ref.31). Figure 1c,d depict the XAS (σ- + σ+) and XMCD ((σ– – σ+)/
(σ- + σ+)) images, respectively, obtained at 50 K for a square structure after a demagnetization process at 140 K 
followed by a zero-field cooling procedure. Blue (positive XMCD) and red (negative XMCD) colored regions 
in Fig. 1d, correspond to magnetic domains with out-of-plane magnetization direction pointing upwards and 
downwards, respectively (see Fig. 1a). We note the presence of a region ca. 1 µm wide around the hybrid YBCO/
(Pt/Co)5 structure with depressed XMCD signal. Its origin is likely to be related to some rest of resist from the 
photolithographic process remaining at the edges. The surface of the YBCO structure is decorated, as typically 
found in thin YBCO films, by the presence of CuO precipitates spaced several microns (Fig. 1c). The YBCO grows 
around screw dislocations which for the thickness range of these experiments give rise to micron size square 
pyramids with flat and continuous terraces, see Supplementary Fig. S1. The good coverage of these terraces by 
the deposition of the FM layer gives rise to large magnetic domains (Fig. 1d, Sect. 1 of Supplementary Informa-
tion for details), while the superconducting properties are preserved (not shown). The magnetic domain pattern 
imaged by XMCD-PEEM is similar to that observed by means of magnetic force microscopy (MFM) on a Co/
Pt multilayer with the same structure as the one used for the PEEM experiments (see Fig. 1e) and characteristic 
of systems with perpendicular magnetic anisotropy32.

The magnetic domain structure of the (Co/Pt)5 multilayer on top of a 13 µm side YBCO square (130 nm 
thick) was measured as function of Hz

pulse both, above (120 K) and below (50 K) the superconducting transition 
temperature of the YBCO film (TC≈ 90 K, see Ref.3). Magnetic field pulses of increasing amplitude Hz

pulse were 
applied starting at µ0Hz

pulse = 0 mT and finishing at µ0Hz
pulse =  + 100 mT. Then, the amplitude was decreased step-

wise down to − 100 mT and increased back to + 100 mT in an hysteresis loop sequence. An example of the typical 
pulses sequence is shown in Fig. 2a. The XMCD images were always obtained after each pulse i.e. at Hz

ext = 0 
(plain dots in Fig. 2a). We define the scalar field Hz

s(x,y) and the scalar Hz
s  as the pulse fields that allow the local 

and mean magnetization direction, respectively, to be switched at remanence. Notice that Hz
s(x,y) and Hz

s are 
related to the coercive field, but they are not equivalent because the magnetic domain distribution created upon 



3

Vol.:(0123456789)

Scientific Reports |        (2021) 11:20788  | https://doi.org/10.1038/s41598-021-99963-w

www.nature.com/scientificreports/

applying Hz
pulse changes when the field is subsequently removed for imaging. Plots of the XMCD signal ampli-

tude as function of Hz
pulse results in hysteresis loops, in which the points XMCD = 0 indicate the switching field.

XMCD loops obtained with the procedure described above are depicted in Fig. 2b,c for T > TC and T < TC 
for the case in which the FM multilayer sits on top of an YBCO square. The XMCD data plotted in those graphs 
results from averaging the XMCD signal over the whole area of the hybrid SC/FM structure. We observe a sizable 
increase of the switching field of the mean magnetization with decreasing T (from µ0 Hz

s  ≈ 36 mT at T = 120 K 
to µ0 Hz

s  ≈ 44 mT at T = 50 K) concomitant with an increase of the fields necessary to saturate the loop (Hsat). 
Analysis of the individual XMCD images allows a closer look into the processes involved in the nucleation and 
propagation of magnetic domains. Representative XMCD images of the ferromagnetic domain structure at satu-
ration and close to Hz

s  (see arrows in Fig. 2b,c) are depicted in panels 2d–g and panels 2h–k for data obtained 
at T > TC and T < TC, respectively.

In the normal state, i.e. for T > TC the magnetic domain distribution nearby Hz
s  (Fig. 2e) and at the beginning 

of magnetization reversal (Fig. 2g) seems random, and there is no apparent correlation with the shape (square) 
of the SC structure. On the contrary, in the superconducting state (T < TC) the magnetic domains nucleate 
preferentially close or at the edges of the SC square, and propagate towards the center as │Hz

pulse│ increases. 
This is clearly seen in Fig. 2i,k, where we observe two concentric square regions: an inner region that retains the 
magnetization orientation set at saturation (Fig. 2h,j) and an external region where the magnetization is reversed. 
The differences in magnetization reversal and domain propagation can be clearly seen in Supplementary Videos 
S1 and S2 gathering the full set of XMCD vs Hz

pulse images for T > TC and T < TC, respectively.
In order to take a closer look into the magnetic domain nucleation process we use the XMCD vs Hz

pulse image 
sets shown in Supplementary Videos S1 and S2 to determine the local switching fields Hz

s(x,y) over the SC/FM 
structure. The results are plotted as switching maps in Fig. 3a,b for T within the normal and superconducting 
state, respectively. Figure 3c shows the profiles of the switching field Hz

s along the square axis (this is obtained by 
averaging Hz

s(x,y) over 2 µm-wide strips along the directions of the orthogonal square axis indicated by dashed 
lines in Fig. 3a,b. While the switching field at T > TC (red symbols) stays almost constant at µ0Hz

s ≈ 34 mT, we 
observe a clear spatial dependence at T < TC. In particular, the switching field is lower at the square edges where 
µ0Hz

s ≈ 43 mT, and gradually increases as we move inside the square to reach a maximum µ0Hz
s ≈ 60 mT at its 

center.

a

c d e

b

Figure 1.   (a) Sketch of the experimental set-up. XMCD, measured as the normalized difference in absorption 
for incoming left and right helicity of circular polarized radiation, is proportional to the projection of the 
magnetization (light red and blue arrows) along the beam propagation direction (red and blue arrows). (b) 
Absorption spectrum obtained at the Co L2,3-edges for (Co/Pt)5 on top (dots) and around the SC structure 
(line). (c,d) XAS and XMCD images obtained at Co L3-edge (777.55 eV) at 50 K after a demagnetization process 
at 140 K. (e) MFM phase image showing similar magnetization pattern.
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Discussion
A first comment regards the possible influence of FM SC proximity interactions at the interface. In our case 
proximity effects have been disregarded for three main reasons: (i) The Co/Pt multilayers are deposited ex-situ on 
the YBCO film. This means that the YBCO surface is exposed to air and humidity before the magnetic structure 
is deposited. It is well known that under these conditions the YBCO surface is oxygen deficient and not super-
conducting (indeed, it becomes insulating), which dramatically reduces the interface transparency and quenches 
of the proximity effect33,34. (ii) As mentioned within the sample description it is important to notice that in our 
case there is a 5 nm Pt buffer layer in between the YBCO and the Co/Pt (8 nm) multilayer further preventing 
proximity effects. (iii) Finally, one has to note that PEEM is a surface technique (only the first 2–3 nm are probed), 
so that any possible proximity effect cannot be seen. We note also that the system’s properties and evidences at 
hand do not suggest that other long-range “proximity” scenarios, such as for example the giant proximity effect 
observed in all oxide YBCO/SrTiO3/La2/3Ca1/3MnO3 (Refs.35,36) could be responsible of our experimental obser-
vations. On the other hand, the effect of the stray field of the SC flux is robust towards details of the magnetic 
structure of the interface. For that reason, the effects of the SC state on the magnetic domain state of the FM/SC 
hybrids are discussed in terms of the stray field of the SC flux trapped in the YBCO dots.

To understand the differences in the nucleation and propagation of magnetic domains in the normal and the 
superconducting states of the YBCO we performed micromagnetic simulations with MuMax337–39.
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Figure 2.   (a) Sketch of the magnetic pulse history followed at 120 K. XMCD imaging takes always place after 
pulse end (full dots). (b,c) XMCD averaged over the whole square structure vs Hz

pulse within the normal (T > TC, 
(b)) and superconducting (T < TC, (c)) state of the YBCO square. (d–g) XMCD images at selected Hz

pulse (see 
arrows in panel b) for T > TC. (h–k) XMCD images at selected Hz

pulse (see arrows in (c)) for T < TC. Above TC 
domain nucleation takes place at random positions while at for T < TC it is confined at edges.
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Calculations were performed by considering an isolated 13 × 13 µm2 square of 8-nm-thick ferromagnetic 
material with the effective parameters of the Co/Pt multilayer. To allow domain nucleation in these zero tempera-
ture simulations, a misalignment of 0.5° between the field and the normal to the sample plane was considered 
in all the simulations. In order to determine the switching field, we simulated a magnetic field history as for the 
experiments (see Sects. 2 and 3 of Supplementary Information for details). The magnetic state of the sample was 
simulated during and after each pulse, labelled ‘pulse peak’ and ‘pulse end’ respectively in Fig. 4c–f. The simula-
tions were fed at every step with effective magnetic fields −→H (x,y). In the YBCO normal state −→H  = Hz = Hz

pulse at 
‘pulse peak’ and −→H  = 0 at ‘pulse end’. In the YBCO superconducting state the effective magnetic field is modified 
by the stray field −→H SC(x,y) generated by the superconductor at its surface, i.e.  −→H  = Hz

pulse + −→H sc at ‘pulse peak’ 
and −→H  = −→H sc at ‘pulse end’. Note that −→H sc(x,y) depends on magnetic field history according to Bean’s critical state 
model17. In particular −→H sc(x,y) under applied field (‘pulse peak’) and in zero applied field (‘pulse end’) are different 
due to the different screening supercurrents and pinned flux distributions16,19,20,21 (Supplementary Figs. S5–S7). 
The stray magnetic field of the superconductor was calculated using a 3D finite-element model based on the 
H-formulation of Maxwell’s equation40,41 (see Sect. 2 of Supplementary Information).

The micromagnetic calculations reveal a behavior that is in qualitative agreement with our experimental 
observations (Fig. 4a,b), namely an homogeneous switching field in the normal state of the YBCO (µ0Hz

s(x,y) 
≈ 58 mT) and a gradient on Hz

s(x,y) within the superconducting state where the switching field increases from 
µ0Hz

s ≈ 40 mT at the edges to µ0Hz
s ≈ 48 mT at the center. The reversal of the magnetization occurs through 

nucleation and propagation of the magnetic domains. In the superconducting state, the nucleation mostly occurs 
at the edges and takes place at field values (µ0Hz

s ≈ 40 mT) substantially lower as those obtained in the normal 
state (µ0Hz

s ≈ 58 mT). This is due to the fact that the in-plane field components of the stray field of the SC are 
maximal (≈ 8 mT) at these positions easing the nucleation (Supplementary Figs. S6, S9), and due to the closure 
at the edges42,43 of the flux lines inside the superconductor (≈ 10 mT) which results in a local effective field larger 
than that applied one (Fig. 4c–f, Supplementary Fig. S7). On the other hand, the propagation depends on the 
effective out-of-plane field. With the chosen parameters for the disorder (see Sect. 3 of Supplementary Infor-
mation for details), the simulations show that the domain propagation is locally activated when the magnetic 
field µ0Hz(x,y) is above a threshold µ0Hz

th ≈ 20 mT (horizontal dashed lines in Fig. 4c–f). In the normal state of 
the YBCO, the nucleation field (here, it is the switching field, 58 mT) is much larger than the field required for 
the propagation of the magnetic domains. Consequently, the magnetization reversal occurs over the entire film 
due to the immediate domain wall propagation following the random nucleation of domains. In contrast, in the 
superconducting state the propagation of the domains, nucleated at the edges, towards the center is hindered by 
the profile of Hz

SC which leads to regions close to the center where Hz(x,y) = Hz
pulse + Hz

sc(x,y) falls below µ0Hz
th ≈ 

20 mT (Fig. 4d, top). After the field pulse, the pinned flux in the superconductor yields to an even lower effective 
field profile at remanence Hz(x,y) = Hz

sc(x,y) that leaves the domain configuration mostly unaffected (Fig. 4d, 
bottom). This stability is overcome by further increasing Hz

pulse, which leads to exceeding the propagation field 
(Hz(x,y) > µ0Hz

th ≈ 20 mT) a bit further into the structure (Fig. 4e) and thus to a stepwise propagation of reversed 
domains (Fig. 4e). At µ0Hz

pulse ≈ 48 mT, the effective field at the peak of the pulse is still below the propagation 
field µ0Hz

th ≈ 20 mT nearby the square center (Fig. 4f, top). The magnetization switching within this region takes 
place at the end of the pulse due to the local increase of the effective field (Fig. 4f, bottom) related to the full flux 
penetration across the structure.

Experimentally, we observed that in the superconducting state a magnetic domain configuration with two 
concentric regions with roughly square-like shape and having relative antiparallel orientation of the magnetiza-
tion direction can be imprinted, their relative size depending on Hz

pulse. The micromagnetic calculations have 
shown that, for a given Hz

pulse range, the imprinted magnetic domain pattern is stable at remanence as long as 
Hz

sc(x,y) after the pulse is smaller than the propagation field µ0Hz
th. Imprint of similar magnetic domain pat-

terns in other PMA systems is possible as long as this condition is also fulfilled. This can be achieved by proper 
selection and design of the PMA compound and/or by reducing the amplitude of Hz

sc which is directly related 
to the critical current of the SC19,20,21,44. We note that the fine details about the switching process (nucleation 
field, propagation of inverse-magnetized domains and switching field profile) will depend on the full penetration 
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Figure 3.   (a,b) 2D maps of the switching field above and below TC, respectively. Dashed lines indicate position 
along which 2 µm wide profiles have been obtained and averaged. The resulting line profile of Hz

s are depicted 
in panel c) for T > TC (red open dots) and T < TC (blue filled dots). Hz

s is almost constant within the normal state 
while it shows a clear position dependence for within the superconducting state.
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field of the SC and to a minor extent on the sweep rate of the magnetic field pulse (see Sects. 4 and 5 in Sup-
plementary Information).

The role played by −→H sc on the stabilization of imprinted spin textures in the absence of an external magnetic 
field is opposed in PMA and IMA systems. In PMA systems the condition for stability is that the effective field 
Hz, after the imprinting pulse at T > TC, is kept below a threshold field. This condition can be fulfilled in both 
the superconducting (Hz

sc < Hth − Hz
ext) and normal states (Hz

ext < Hth), thus allowing for the persistence of the 
imprinted domain distribution at T > TC. Contrarily, for IMA materials such as Py the stabilization does require 
the presence of in-plane field components Hx,y

sc(x,y) large enough to pin the generated magnetic pattern10,27,28. 
This precludes the persistence of the imprinted structures as temperature is raised, because the critical current 
of the superconductor and hence −→H sc, decreases27,21 and eventually vanishes as T approaches TC, leading to a 
relaxation of the imprinted magnetic structure27,28.
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Figure 4.   (a) 2D map of the computed switching field within the superconducting state. (b) Line profile of the 
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The possibility to imprint, with the help of the SC stray field, a complex magnetic domain distribution which 
remains after increasing the temperature above Tc in the studied PMA Co/Pt multilayers is experimentally 
demonstrated in Fig. 5 for hybrid SC/FM discs (13 µm dimeter). Figure 5a shows the initial state, that is a mag-
netic domain configuration imprinted at 50 K with the help of the SC stray field. The imprint, obtained after 
µ0Hz

pulse =  + 100 mT followed by µ0Hz
pulse =  − 65 mT shows a magnetic domain pattern formed by two concentric 

regions; a central one with downward magnetization direction and an outer one with upward orientation. As 
in the case of the square structure, the magnetic domain distribution of the outer switched region for the disc 
is not homogeneous (compare to Fig. 2). Its domain state is reminiscent of a worm-like domain pattern, which 
differs from disc to disc (see Sect. 6 in Supplementary Information). Increasing the temperature above the SC 
transition does not lead to significant changes neither in the magnetic domain distribution nor in the XMCD 
strength (Fig. 5b) even after keeping the sample at room temperature for 20 min (Fig. 5c). Similar results have 
been obtained for a total of 15 discs (Supplementary Figs. S13–S15). Panels d to f of Fig. 5 show the XMCD 
images resulting from averaging the XMCD images measured for the 15 structures at 50 K and 120 K (including 
the image after the excursion up to room temperature). The averaged images allow masking the fine domain 
structure details and highlighting the statistical distribution of switched/unswitched domains, which clearly 
show the two concentric regions described above. This result suggests that using optimized magnetic layers and 
patterning of the superconductor it might be possible to generate magnetic textures alike to chiral magnetic 
bubbles also termed bubble-skyrmions45–49.

A last comment regards the connection between the results described here and the previous work by Vlasko-
Vlasov et al. (Refs.50,51) on the interplay between magnetic structure and vortices in superconducting Nb and 
ferromagnetic garnet hybrid films. These papers discuss the coupling between domains and vortices of the same 
polarity (magnetization parallel to vortex-magnetic field). This coupling has an effect of arresting the vortex lat-
tice and as discussed in these works, also affect magnetization dynamics through deterministic changes in domain 
size. This concept, albeit close to our work, displays also clear differences. Importantly, the effect reported in our 
manuscript on the modification of the switching field of the Co/Pt ferromagnet triggered by the stray field of 
the superconducting flux of a High Tc superconductor YBCO, is remanent when temperature is increased above 
Tc (even reaching room temperature). This excludes that it results from the vortex-domain coupling scenario. 
Moreover, we did not observe appreciable differences in the size of magnetic domains above and below of the 
superconducting Tc. This also excludes that our effect is driven by the screening of the distribution of stray fields 
of the stripe domain structure of the ferromagnetic film theoretically discussed in the works of Bulaevskii52,53 
and Chudnovsky12.
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Figure 5.   XMCD images for a given circular hybrid SC/FM structure of 13 µm diameter at Hext = 0. (a) A 
magnetic domain configuration with two concentric regions with mostly antiparallel out-of-plane magnetic 
orientation (blue and red) has been imprinted at 50 K with the help of the SC stray field, see text for details 
about the magnetic history followed. The imprinted magnetic domain state is stable after increase T above Tc. 
(b) T = 120 K and (c) again T = 120 K after keeping the sample 20 min at room temperature (d–f) as in (a–c) 
where the XMCD images result from the averaging of the XMCD data obtained for 15 structures.
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Conclusion
In this article, we have shown the possibility to generate variable magnetization patterns in PMA Co/Pt mul-
tilayers by means of superconducting stray fields which are stable in the absence of an external magnetic field. 
The imprinted domain distributions can be reversed, modified (the relative size of inner- and outer-regions can 
be controlled) and erased by following a proper magnetic field history. The imprinted patterns, as well as the 
mechanisms behind their formation and stabilization are different as compared to those observed for compounds 
with in-plane magnetic anisotropy. In particular, the stabilization of the domains for PMA systems eased by their 
large coercivity and remanence, allows to keep the imprinted pattern almost unaltered for T > TC as opposed to 
the results reported for IMA systems like Py. This allows the possibility of having non-trivial magnetic domain 
configurations at room temperature after their imprint below the SC transition temperature.

The use of SC structures to obtain complex magnetic domain configurations in PMA compounds is applicable 
to other ferromagnetic or ferrimagnetic materials, provided that the superconducting field at remanence does 
not allow the propagation of the nucleated domains. Optimized magnetic layers and proper selection of the SC 
properties (critical current) should allow tailoring the structure of domains to a larger extent. While the imprint 
is easily scalable to larger dimensions25 decreasing its size might not be feasible when reaching proportions com-
parable to characteristic magnetic penetration lengths of the superconducting compound. Possible applications 
of the reported effect include controlling magnetization patterns in FM insulators of micrometer size which holds 
promise in the established field of cavity optomechanics54 or in the new field of cavity optomagnonics55. Indeed, 
the possibility of employing micron-size magnetic textures in these areas has been recently proposed by Proskurin 
et al. (Ref.56) and Graf et al. (Ref.57). The tunability of the magnetization texture by means of magnetic field pulses 
would be an asset as the strength of the photon-phonon or photon-magnon coupling could be controlled57.

Methods
PEEM imaging.  X-ray PEEM is a magnetic and element selective technique with a resolution of ca. 30 nm. 
Unlike many other techniques (e.g. magnetic force microscopy), X-ray PEEM delivers direct information about 
the magnetization, and the element selectivity guarantees that the recorded magnetic information comes only 
from the element under investigation. Magnetic sensitivity arises from the difference in absorption of circularly 
polarized radiation with left and right helicity from a magnetic element58.

Experiments were done at the PEEM station at the UE49/PGMa beam line of the synchrotron radiation source 
BESSY II of the Helmholtz-Zentrum Berlin59. The angle of incidence of the incoming radiation with respect to 
the sample surface was of 16°, which ensured a sizable projection (28%) of the out-of-plane magnetization of 
the Co/Pt multilayer along the beam propagation direction (see Fig. 1a), which gives rise to the XMCD signal.

Magnetic imaging was always performed in zero external field after a magnetic field pulse. The maximum 
pulse amplitude was µ0Hz

pulse =  ± 100 mT with a pulse duration of 0.5–1 s and increasing/decreasing field rates of 
10 mT s−1. Images with a 25 µm field of view were collected at the Co L3-edge (777.55 eV) for incoming circularly 
polarized radiation with right (σ+) and left (σ−) helicity (Fig. 1a), respectively. A total of 30 images, each with 
a 3 s. integration time, were collected per helicity. Each image was normalized to a bright field image and drift 
corrected before their averaging. The XMCD images were obtained as (σ- − σ+)/(σ- + σ+) where σ+ and σ− were 
the averaged images for right and left circular polarized radiation, respectively.

Received: 27 October 2020; Accepted: 28 September 2021

References
	 1.	 Buzdin, A. I. Proximity effects in superconductor-ferromagnet heterostructures. Rev. Mod. Phys. 77, 935–976. https://​doi.​org/​10.​

1103/​RevMo​dPhys.​77.​935 (2005).
	 2.	 Stolyarov, V. S. et al. Domain Meissner state and spontaneous vortex-antivortex generation in the ferromagnetic superconductor 

EuFe2(As0.79P0.21)2. Sci. Adv. 4, 1061. https://​doi.​org/​10.​1126/​sciadv.​aat10​61 (2018).
	 3.	 Sefrioui, Z. et al. Ferromagnetic/superconducting proximity effect in La0.7 Ca0.3 MnO3/YBa2 Cu3 O7− δ superlattices. Phys. Rev. 

B 67, 214511 (2003).
	 4.	 Rusanov, A. Y., Hesselberth, M., Aarts, J. & Buzdin, A. I. Enhancement of the superconducting transition temperature in Nb/

permalloy bilayers by controlling the domain state of the ferromagnet. Phys. Rev. Lett. 93, 057002. https://​doi.​org/​10.​1103/​PhysR​
evLett.​93.​057002 (2004).

	 5.	 Palermo, X. et al. Tailored flux pinning in superconductor-ferromagnet multilayers with engineered magnetic domain morphology 
from stripes to skyrmions. Phys. Rev. Appl. 13, 014043. https://​doi.​org/​10.​1103/​PhysR​evApp​lied.​13.​014043 (2020).

	 6.	 Rocci, M. et al. Proximity driven commensurate pinning in YBa2Cu3O7 through all-oxide magnetic nanostructures. Nano Lett. 
15, 7526–7531. https://​doi.​org/​10.​1021/​acs.​nanol​ett.​5b032​61 (2015).

	 7.	 Van Bael, M. J. et al. Local visualization of asymmetric flux pinning by magnetic dots with perpendicular magnetization. Phys. 
Rev. B 68, 014509. https://​doi.​org/​10.​1103/​PhysR​evB.​68.​014509 (2003).

	 8.	 Fritzsche, J., Kramer, R. B. G. & Moshchalkov, V. V. Visualization of the vortex-mediated pinning of ferromagnetic domains in 
superconductor-ferromagnet hybrids. Phys. Rev. B 79, 132501. https://​doi.​org/​10.​1103/​PhysR​evB.​79.​132501 (2009).

	 9.	 Del-Valle, N., Agramunt-Puig, S., Sanchez, A. & Navau, C. Imprinting skyrmions in thin films by ferromagnetic and superconduct-
ing templates. Appl. Phys. Lett. 107, 133103. https://​doi.​org/​10.​1063/1.​49320​90 (2015).

	10.	 Brisbois, J. et al. Imprinting superconducting vortex footsteps in a magnetic layer. Sci. Rep. 6, 27159. https://​doi.​org/​10.​1038/​srep2​
7159 (2016).

	11.	 Vadimov, V. L., Sapozhnikov, M. V. & Mel’nikov, A. S. Magnetic skyrmions in ferromagnet-superconductor (F/S) heterostructures. 
Appl. Phys. Lett. 113, 032402. https://​doi.​org/​10.​1063/1.​50379​34 (2018).

	12.	 Palau, A. et al. Encoding magnetic states in monopole-like configurations using superconducting dots. Adv. Sci. 3, 1600207. https://​
doi.​org/​10.​1002/​advs.​20160​0207 (2016).

	13.	 Shaw, G. et al. Quantitative magneto-optical investigation of superconductor/ferromagnet hybrid structures. Rev. Sci. Instrum. 89, 
023705. https://​doi.​org/​10.​1063/1.​50162​93 (2018).

https://doi.org/10.1103/RevModPhys.77.935
https://doi.org/10.1103/RevModPhys.77.935
https://doi.org/10.1126/sciadv.aat1061
https://doi.org/10.1103/PhysRevLett.93.057002
https://doi.org/10.1103/PhysRevLett.93.057002
https://doi.org/10.1103/PhysRevApplied.13.014043
https://doi.org/10.1021/acs.nanolett.5b03261
https://doi.org/10.1103/PhysRevB.68.014509
https://doi.org/10.1103/PhysRevB.79.132501
https://doi.org/10.1063/1.4932090
https://doi.org/10.1038/srep27159
https://doi.org/10.1038/srep27159
https://doi.org/10.1063/1.5037934
https://doi.org/10.1002/advs.201600207
https://doi.org/10.1002/advs.201600207
https://doi.org/10.1063/1.5016293


9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:20788  | https://doi.org/10.1038/s41598-021-99963-w

www.nature.com/scientificreports/

	14.	 Suszka, A. K. et al. Observation of the out-of-plane magnetization in a mesoscopic ferromagnetic structure superjacent to a 
superconductor. Appl. Phys. Lett. 113, 162601. https://​doi.​org/​10.​1063/1.​50516​53 (2018).

	15.	 Abrikosov, A. The magnetic properties of superconducting alloys. J. Phys. Chem. Solids 2, 199–208 (1957).
	16.	 Reichhardt, C., Olson, C. J., Groth, J., Field, S. & Nori, F. Microscopic derivation of magnetic-flux-density profiles, magnetization 

hysteresis loops, and critical currents in strongly pinned superconductors. Phys. Rev. B 52, 10441–10446. https://​doi.​org/​10.​1103/​
PhysR​evB.​52.​10441 (1995).

	17.	 Bean, C. P. Magnetization of high-field superconductors. Rev. Mod. Phys. 36, 31 (1964).
	18.	 Forkl, A. & Kronmüller, H. Calculation of the magnetic flux density distribution in type-II superconductors with finite thickness 

and well-defined geometry. Phys. Rev. B 52, 16130–16139. https://​doi.​org/​10.​1103/​PhysR​evB.​52.​16130 (1995).
	19.	 Schuster, T., Kuhn, H. & Brandt, E. H. Flux penetration into flat superconductors of arbitrary shape: Patterns of magnetic and 

electric fields and current. Phys. Rev. B 54, 3514–3524. https://​doi.​org/​10.​1103/​PhysR​evB.​54.​3514 (1996).
	20.	 Brandt, E. H. Electric field in superconductors with rectangular cross section. Phys. Rev. B 52, 15442–15457. https://​doi.​org/​10.​

1103/​PhysR​evB.​52.​15442 (1995).
	21.	 Schuster, T. et al. Current and field pattern in rectangular and inhomogeneous superconductors. Phys. Rev. B 52, 10375–10389. 

https://​doi.​org/​10.​1103/​PhysR​evB.​52.​10375 (1995).
	22.	 Jooss, C., Albrecht, J., Kuhn, H., Leonhardt, S. & Kronmüller, H. Magneto-optical studies of current distributions in high-Tc 

superconductors. Rep. Prog. Phys. 65, 651–788. https://​doi.​org/​10.​1088/​0034-​4885/​65/5/​202 (2002).
	23.	 Navau, C., Del-Valle, N. & Sanchez, A. Macroscopic modeling of magnetization and levitation of hard type-II superconductors: 

The critical-state model. IEEE Trans. Appl. Supercond. 23, 8201023–8201023. https://​doi.​org/​10.​1109/​TASC.​2012.​22329​16 (2013).
	24.	 Ionescu, A. M. et al. Soft-magnetic coatings as possible sensors for magnetic imaging of superconductors. Supercond. Sci. Technol. 

33, 015002. https://​doi.​org/​10.​1088/​1361-​6668/​ab5984 (2019).
	25.	 Stahl, C. et al. Detecting magnetic flux distributions in superconductors with polarized X rays. Phys. Rev. B 90, 104515 (2014).
	26.	 Stahl, C. et al. Low temperature X-ray imaging of magnetic flux patterns in high temperature superconductors. J. Appl. Phys. 117, 

17D109. https://​doi.​org/​10.​1063/1.​49077​64 (2015).
	27.	 Simmendinger, J. et al. Transmission x-ray microscopy at low temperatures: Irregular supercurrent flow at small length scales. 

Phys. Rev. B 97, 134515. https://​doi.​org/​10.​1103/​PhysR​evB.​97.​134515 (2018).
	28.	 Orfila, G. Generación de texturas de espín y paredes de dominio en nanoestructuras de óxidos correlacionados. Physics thesis, 

Universidad Complutense de Madrid (2020).
	29.	 Schütz, G. et al. Absorption of circularly polarized x rays in iron. Phys. Rev. Lett. 58, 737–740. https://​doi.​org/​10.​1103/​PhysR​evLett.​

58.​737 (1987).
	30.	 Stöhr, J. et al. Element-specific magnetic microscopy with circularly polarized X-rays. Science 259, 658. https://​doi.​org/​10.​1126/​

scien​ce.​259.​5095.​658 (1993).
	31.	 Regan, T. J. et al. Chemical effects at metal/oxide interfaces studied by X-ray-absorption spectroscopy. Phys. Rev. B 64, 214422. 

https://​doi.​org/​10.​1103/​PhysR​evB.​64.​214422 (2001).
	32.	 Samson, Y., Marty, A., Hoffmann, R., Gehanno, V. & Gilles, B. Magnetic domains in thin films with perpendicular anisotropy: An 

extensive study. J. Appl. Phys. 85, 4604–4606. https://​doi.​org/​10.​1063/1.​370422 (1999).
	33.	 Russek, S. E., Sanders, S. C., Roshko, A. & Ekin, J. W. Surface degradation of superconducting YBa2Cu3O7−δ thin films. Appl. Phys. 

Lett. 64, 3649. https://​doi.​org/​10.​1063/1.​111192 (1994).
	34.	 Truchlý, M. et al. Studies of YBa2Cu3O6+x degradation and surface conductivity properties by scanning spreading resistance 

microscopy. Physica C 483, 61. https://​doi.​org/​10.​1016/j.​physc.​2012.​07.​004 (2012).
	35.	 Prajapat, C. L. et al. Superconductivity-induced magnetization depletion in a ferromagnet through an insulator in a ferromagnet-

insulator-superconductor hybrid oxide heterostructure. Nanoscale 8, 10188. https://​doi.​org/​10.​1039/​C6NR0​1869F (2016).
	36.	 Paull, O. H. C. et al. Field dependence of the ferromagnetic/superconducting proximity effect in a YBCO/STO/LCMO multilayer. 

Nanoscale 10, 18995. https://​doi.​org/​10.​1039/​C8NT0​1210E (2018).
	37.	 Vansteenkiste, A. et al. The design and verification of MuMax3. AIP Adv. 4, 107133. https://​doi.​org/​10.​1063/1.​48991​86 (2014).
	38.	 Exl, L. et al. LaBonte’s method revisited: An effective steepest descent method for micromagnetic energy minimization. J. Appl. 

Phys. 115, 17D118. https://​doi.​org/​10.​1063/1.​48628​39 (2014).
	39.	 Leliaert, J. et al. A numerical approach to incorporate intrinsic material defects in micromagnetic simulations. J. Appl. Phys. 115, 

17D102. https://​doi.​org/​10.​1063/1.​48549​56 (2014).
	40.	 Grilli, F., Brambilla, R., Sirois, F., Stenvall, A. & Memiaghe, S. Development of a three-dimensional finite-element model for high-

temperature superconductors based on the H-formulation. Cryogenics 53, 142. https://​doi.​org/​10.​1016/j.​cryog​enics.​2012.​03.​007 
(2013).

	41.	 Brambilla, R., Grilli, F. & Martini, L. Development of an edge-element model for AC loss computation of high-temperature super-
conductors. Supercond. Sci. Technol. 20, 16–24. https://​doi.​org/​10.​1088/​0953-​2048/​20/1/​004 (2006).

	42.	 Brandt, E. H. Susceptibility of superconductor disks and rings with and without flux creep. Phys. Rev. B 55, 14513–14526. https://​
doi.​org/​10.​1103/​PhysR​evB.​55.​14513 (1997).

	43.	 McDonald, J. & Clem, J. R. Theory of flux penetration into thin films with field-dependent critical current. Phys. Rev. B 53, 
8643–8650. https://​doi.​org/​10.​1103/​PhysR​evB.​53.​8643 (1996).

	44.	 Eremin, A. V. et al. Numerical simulation and experimental observation of magnetic flux distribution in high-temperature super-
conductors. Supercond. Sci. Technol. 14, 690–694. https://​doi.​org/​10.​1088/​0953-​2048/​14/9/​311 (2001).

	45.	 Montoya, S. A. et al. Tailoring magnetic energies to form dipole skyrmions and skyrmion lattices. Phys. Rev. B 95, 024415. https://​
doi.​org/​10.​1103/​PhysR​evB.​95.​024415 (2017).

	46.	 Finazzi, M. et al. Laser-induced magnetic nanostructures with tunable topological properties. Phys. Rev. Lett. 110, 177205. https://​
doi.​org/​10.​1103/​PhysR​evLett.​110.​177205 (2013).

	47.	 Nagaosa, N. & Tokura, Y. Topological properties and dynamics of magnetic skyrmions. Nat. Nanotechnol. 8, 899–911. https://​doi.​
org/​10.​1038/​nnano.​2013.​243 (2013).

	48.	 Makhfudz, I., Krüger, B. & Tchernyshyov, O. Inertia and chiral edge modes of a Skyrmion magnetic bubble. Phys. Rev. Lett. 109, 
217201. https://​doi.​org/​10.​1103/​PhysR​evLett.​109.​217201 (2012).

	49.	 Jiang, W. et al. Blowing magnetic skyrmion bubbles. Science 349, 283. https://​doi.​org/​10.​1126/​scien​ce.​aaa14​42 (2015).
	50.	 Vlasko-Vlasov, V. et al. Coupled domain structures in superconductor/ferromagnet Nb-Fe/garnet bilayers. Phys. Rev. B 82, 100502. 

https://​doi.​org/​10.​1103/​PhysR​evB.​82.​100502 (2010).
	51.	 Vlasko-Vlasov, V. et al. Domain structure and magnetic pinning in ferromagnetic/superconducting hybrids. Phys. Rev. B 85, 

064505. https://​doi.​org/​10.​1103/​PhysR​evB.​85.​064505 (2012).
	52.	 Bulaevskii, L. N. & Chudnovsky, E. M. Ferromagnetic film on a superconducting substrate. Phys. Rev. B 63, 012502. https://​doi.​

org/​10.​1103/​PhysR​evB.​63.​012502 (2000).
	53.	 Sonin, E. B. Comment on “Ferromagnetic film on a superconducting substrate”. Phys. Rev. B 66, 136501. https://​doi.​org/​10.​1103/​

PhysR​evB.​66.​136501 (2002).
	54.	 Aspelmeyer, M., Kippenberg, T. J. & Marquardt, F. Cavity optomechanics. Rev. Mod. Phys. 86, 1391–1452. https://​doi.​org/​10.​1103/​

RevMo​dPhys.​86.​1391 (2014).
	55.	 Kusminskiy, S. V. Cavity optomagnonics. http://​arXiv.​org/​1911.​11104 (2019).

https://doi.org/10.1063/1.5051653
https://doi.org/10.1103/PhysRevB.52.10441
https://doi.org/10.1103/PhysRevB.52.10441
https://doi.org/10.1103/PhysRevB.52.16130
https://doi.org/10.1103/PhysRevB.54.3514
https://doi.org/10.1103/PhysRevB.52.15442
https://doi.org/10.1103/PhysRevB.52.15442
https://doi.org/10.1103/PhysRevB.52.10375
https://doi.org/10.1088/0034-4885/65/5/202
https://doi.org/10.1109/TASC.2012.2232916
https://doi.org/10.1088/1361-6668/ab5984
https://doi.org/10.1063/1.4907764
https://doi.org/10.1103/PhysRevB.97.134515
https://doi.org/10.1103/PhysRevLett.58.737
https://doi.org/10.1103/PhysRevLett.58.737
https://doi.org/10.1126/science.259.5095.658
https://doi.org/10.1126/science.259.5095.658
https://doi.org/10.1103/PhysRevB.64.214422
https://doi.org/10.1063/1.370422
https://doi.org/10.1063/1.111192
https://doi.org/10.1016/j.physc.2012.07.004
https://doi.org/10.1039/C6NR01869F
https://doi.org/10.1039/C8NT01210E
https://doi.org/10.1063/1.4899186
https://doi.org/10.1063/1.4862839
https://doi.org/10.1063/1.4854956
https://doi.org/10.1016/j.cryogenics.2012.03.007
https://doi.org/10.1088/0953-2048/20/1/004
https://doi.org/10.1103/PhysRevB.55.14513
https://doi.org/10.1103/PhysRevB.55.14513
https://doi.org/10.1103/PhysRevB.53.8643
https://doi.org/10.1088/0953-2048/14/9/311
https://doi.org/10.1103/PhysRevB.95.024415
https://doi.org/10.1103/PhysRevB.95.024415
https://doi.org/10.1103/PhysRevLett.110.177205
https://doi.org/10.1103/PhysRevLett.110.177205
https://doi.org/10.1038/nnano.2013.243
https://doi.org/10.1038/nnano.2013.243
https://doi.org/10.1103/PhysRevLett.109.217201
https://doi.org/10.1126/science.aaa1442
https://doi.org/10.1103/PhysRevB.82.100502
https://doi.org/10.1103/PhysRevB.85.064505
https://doi.org/10.1103/PhysRevB.63.012502
https://doi.org/10.1103/PhysRevB.63.012502
https://doi.org/10.1103/PhysRevB.66.136501
https://doi.org/10.1103/PhysRevB.66.136501
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/RevModPhys.86.1391
http://arXiv.org/1911.11104


10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:20788  | https://doi.org/10.1038/s41598-021-99963-w

www.nature.com/scientificreports/

	56.	 Proskurin, I., Ovchinnikov, A. S., Kishine, J.-I. & Stamps, R. L. Cavity optomechanics of topological spin textures in magnetic 
insulators. Phys. Rev. B 98, 220411. https://​doi.​org/​10.​1103/​PhysR​evB.​98.​220411 (2018).

	57.	 Graf, J., Pfeifer, H., Marquardt, F. & Viola Kusminskiy, S. Cavity optomagnonics with magnetic textures: Coupling a magnetic 
vortex to light. Phys. Rev. B 98, 241406. https://​doi.​org/​10.​1103/​PhysR​evB.​98.​241406 (2018).

	58.	 Chen, C. et al. Experimental confirmation of the X-ray magnetic circular dichroism sum rules for iron and cobalt. Phys. Rev. Lett. 
75, 152 (1995).

	59.	 Kronast, F. & Molina, S. V. SPEEM: The photoemission microscope at the dedicated microfocus PGM beamline UE49-PGMa at 
BESSY II. J. Large-Scale Res. Facilit. 2, 90 (2016).

Acknowledgements
The research leading to this result has been supported by the project CALIPSOplus under the Grant Agreement 
730872 from the EU Framework Programme for Research and Innovation HORIZON 2020. Work at Unité 
Mixte de Physique CNRS/Thales supported by the ERC Grant No 647100 “SUSPINTRONICS”, French ANR-
17-CE30-0018-04 “OPTOFLUXONICS”, and European COST action 16218 “Nanocohybri”. KH acknowledges 
support from the EU COST action CA19140 ‘FIT4NANO’, www.​fit4n​ano.​eu. He ion microscopy was performed 
within the CoreLab Correlative Microscopy and Spectroscopy of Helmholtz Zentrum Berlin. GO, AR and JS 
acknowledge  projects, Y2020/NMT-6661  PID2020-118078RB-I00 and Flag ERA ERA-NET To2Dox.

Author contributions
S.V., A.R.-C., J.S. and J.E.V. designed and conceived the experiment. A.S., O.G. and D.S.-M. grew, structured, and 
characterized the sample. S.V., A.S., G.O., D.S.-M., M.A.M., F.Ga. and F.K. were involved in the PEEM experi-
ments. N.R. performed micromagnetic simulations. F.Gr. did the 3D finite element calculations. S.C. and K.B. 
did the MFM characterization. K.H. performed He ion microscopy. All the authors contributed to the analysis 
of the data and the discussion of the results. S.V. wrote the manuscript with inputs from all coauthors.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​99963-w.

Correspondence and requests for materials should be addressed to S.V.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1103/PhysRevB.98.220411
https://doi.org/10.1103/PhysRevB.98.241406
http://www.fit4nano.eu
https://doi.org/10.1038/s41598-021-99963-w
https://doi.org/10.1038/s41598-021-99963-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Superconducting imprint of magnetic textures in ferromagnets with perpendicular magnetic anisotropy
	Experiment
	Results
	Discussion
	Conclusion
	Methods
	PEEM imaging. 

	References
	Acknowledgements


