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ABSTRACT 

Advanced materials often involve multi-dependent approaches, merging electrical, optical and 

magnetic responses in nanostructured systems. To this purpose we have explored a semi-

transparent, soft magnetic thin film (Permalloy) of nano-undulated morphology with which 

uniaxial anisotropy can be induced and tuned. This media is grown on the ripple surface of 

flexible, polymeric foil of polyethylene terephthalate (PET) that was previously patterned by a 

versatile pulsed-laser irradiation technique achieving a linear array with periodicity 220–250 

nm and large amplitudes around 45 nm. Vectorial Kerr (reflection) as well as Voight 

(transmission) magneto-optical effects confirm a complete uniaxial anisotropy induced with 

easy axis along the ripple pattern for Py films of thickness ranging from 10 to 30 nm. Analysis 

of curved magnetic systems is a major challenge, so we need to combine measurements of 

surface magnetization with thorough micromagnetic modelling of a quasi-infinite ripple film 

(same dimensions as the media). Remarkably, our modelling indicates unique features 

confirmed by experiments; namely, two disparate demagnetizing fields in hard axis 

magnetization and a distinctive thickness evolution. These findings are characteristic of an 

undulated magnetic state with the uniaxial anisotropy driven by volume-like poles. The choice 

of large pattern dimensions has made possible to realize the undulated state where the 

anisotropy strength can simply be tuned with film thickness without any role of surface 

contributions. This approach to anisotropy engineering provides ground for applications design 

without the limitations of surface preparation. 
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INTRODUCTION 

Future applications based on the magnetic properties of materials, i.e. coercive field, saturation 

magnetization and magnetic anisotropy, can be controlled by the generation of nanostructured 

patterns in magnetic thin films. Patterns and shapes formation, or the introduction of a periodic 

array of defects1, have turned out to be a functional way to changing the main film properties 

by introducing an additional magnetostatic-based anisotropy2-5 and to altering the 

magnetization reversal mechanism by introducing lattices of pinning or nucleation centers6. 

Among the different strategies to control the magnetic properties, special attention has been 

drawn to ripple patterning by Ion Beam Sputtering (IBS) of a film surface since the pioneering 

work at the University of Geneve7. This patterning technique has been applied to either a film 

surface (post deposition) or substrate (prior to deposition) to end up with a linearly self-

organized, ripple pattern of quasi-sinusoidal profile that induces uniaxial anisotropy in transition 

metal magnetic films. Sensor and recording applications require and/or improve with the 

anisotropy engineering of magnetic films, such as the tuning of uniaxial anisotropy strength by 

changing the surface modulation via the substrate3, 8-10. The control of a small uniaxial 

anisotropy is necessary for magnetoresistive devices11 and, on the other hand, a large uniaxial 

anisotropy is searched for as it could lead to design of new micro and nano devices as 

electronic filters in the microwave range12. 

Other functionalities of ripple patterns are the making of thin film polarizers, which require 

additional properties as (semi)transparency13. Furthermore, the quest of multifunctional 

materials leads to merge magnetic films with its growth on polymeric substrates because of 

the increasing demand of flexible technologies (the main reason for using polymers relies on 

their properties, i.e. flexibility, thinness and lightweightness). So far, the only fabrication 

strategy towards magnetic flexible devices has been the film growth on a pre-strained flexible 

ripple substrate; Briones et al.14 first demonstrated uniaxial anisotropy of Co films deposited 

on pre-strained polydimethylsiloxane (PDMS) templates. 

In recent years, new pulsed laser-based nanofabrication techniques have emerged15. The 

formation of laser-induced periodic surface structures (LIPSS) can be used to fabricate 

templates with a variety of high-precision patterns at different length scales on soft polymers. 

The key idea to LIPSS formation by laser irradiation is to overcome the glass transition of the 

substrate, while the amount of energy is far enough from the ablation conditions. The surface 

pattern can be controlled by several parameters, like the laser wavelength or the laser beam 

polarization, driving the surface pattern geometry. Advantageously, LIPSS can be formed on 

the surface of a great variety of polymers such as polystyrene (PS), polyethylene terephthalate 

(PET), poly trimethylene terephthalate (PTT) and polycarbonate bisphenol A (PBAC), among 



others16. In case of irradiating with a linearly polarized scanning laser a ripple pattern emerges 

with its ripple axis parallel to the polarization of the laser beam. Making use of this versatile 

technique, in this work we have explored a novel multifunctional magnetic material: undulated 

soft thin films (Permalloy) grown on a pre-patterned LIPSS foil of flexible and transparent 

polyethylene terephthalate (PET). Dimensions of this ripple film nanostructure could then be 

chosen so that an undulated magnetic state sets in at hard axis magnetization and allows 

tuning uniaxial anisotropy without the limitations and variability of surface driven contributions. 

The analysis of magnetostatic state in such ripple systems is a challenge that we hereby 

worked out by means of extensive micromagnetic simulations combined with surface magneto-

optics experiments. 

 

MATERIALS AND METHODS  

In this work, 125 μm thick foils of polyethylene terephthalate (PET) were used as 

substrates. Surface nanostructuration process of these foils has been carried out by scanned 

laser irradiation at normal incidence with the linearly polarized beam of a Q-switched Nd:YAG 

laser. Due to the high absorption coefficient of PET at this wavelength, the fourth harmonic of 

the fundamental laser radiation has been used (λ = 266 nm), with pulse radiation of 8 ns at a 

repetition rate of 10 Hz. Taking into account the surface glass transition temperature of the 

amorphous polymer (Tg = 67 °C)17, an appropriate fluence (laser energy/spot area) range has 

to be chosen (8 – 10 mJ/cm2). The laser beam was scanned over the PET surface in order to 

irradiate large areas of around 0.6 cm2. The scanning speed, and consequently the spatial 

overlap of successive pulses, was chosen to apply the suitable number of pulses for LIPSS 

formation, which exceeds 360018. 

Permalloy (Ni80Fe20) polycrystalline thin films have been grown by DC sputtering at 

normal incidence in Ar atmosphere (8·10-3 mbar) on either flat or nanostructured PET 

substrates at a rate of 1 Å/s. AlOx buffers (2 – 3 nm) have been grown below and on top of the 

Permalloy (Py) layer in order to preserve from oxidization. Unheated substrates were located 

far from and centered above the magnetron gun to avoid the formation of columnar-like motifs 

during deposition. Isotropic in-plane magnetic behavior of flat thin films is expected with this 

configuration, due to Permalloy’s null magnetocrystalline anisotropy. In this work we present 

results for film thickness (t) in the range of 10–50 nm grown on either patterned or flat 

substrates. This range of layer thickness excludes the interplay of any finite size effects in the 

magnetic properties5. 

The nanostructured surfaces, before and after magnetic film deposition, were 

characterized by atomic force microscopy (AFM) at room temperature in dynamic/tapping 



mode with commercial silicon cantilevers. The period and amplitude of the ripples were 

determined from AFM topographic analysis using the software Gwyddion. 

The magneto-optical Kerr (MOKE) and Voight effects were measured with our room 

temperature experimental setups4, 13. For the Kerr effect a He-Ne laser beam (633 nm, 1 mW) 

was focused on the sample at an incidence angle of 45° relative to its normal axis in a specular 

reflection geometry. A high grade Glann-Thompson polarizer was used to align the incident 

beam polarization parallel to the incident plane and to the external magnetic field generated 

from a home-made air–gap electromagnet. This longitudinal MOKE geometry with p-polarized 

light allows to investigate both in plane magnetization components, i.e. parallel and 

perpendicular to; [19] these components are referred as longitudinal (ML) and transverse 

magnetization (MT), respectively. In these measurements, the external was applied in the 

sample plane to typically ± 25 mT at 13 Hz (quasi-static regime). The angular dependence of 

ML and MT were studied by rotating the sample holder around its normal axis being equivalent 

to rotate the external field in the sample plane. As a crosscheck, the same experimental setup 

was modified according to the Voigt (transmission) configuration with the laser beam shed 

perpendicularly to the film surface. Longitudinal in-plane magnetization loops ML(H) could be 

measured from the Faraday rotation of the transmitted beam. Refer to the Supplementary 

Materials (sect. I) for details. 

 

RESULTS AND DISCUSSION 

Analytic methods have been applied to AFM images for studying the pattern lengths. 

Fig. 1A shows a representative surface topography of Permalloy film grown on LIPSS foil. 

Statistical analysis of the pattern period, i.e. mean ripple spacing, has been performed by 

means of 2D fast Fourier transform (FFT) of large-scale AFM images, such as that of Fig. 1A. 

Line profiles from the Fourier Transform across the pattern have been used to obtain the 

pattern period. The mean ripple amplitude was instead determined from amplitude histograms. 

Details of these methods were reported elsewhere18. Whilst ripple spacing remains in the range 

of 220–250 nm, the ripple amplitude of patterned surface has been measured to range 45 ± 

13 nm. In comparison to previous patterning studies, large amplitude values for LIPSS on PET 

is here achieved by increasing the laser dose used for patterning the polymer surface16. Some 

pattern defects of various types can be noticed in the bare polymer and in the film surface, 

leading to faults of longitudinal coherence and small perturbations in periodicity around the 

defects. We notice two main types of defects in every sample: pattern dislocations (Y-shaped 

defects) and local deviations of mean ripple direction (meandering). To study such defects Fig. 

1B has been constructed, as a second derivative of the topography image, showing better 



contrast LIPSS. Pattern dislocations can be understood in terms of topological defects which 

remain after the magnetic film growth20, 21. Dislocations with opposite Burger’s vector have 

been marked in Fig. 1B as red and yellow circles allowing to easily infer the lattice mismatch 

and defect density. In comparison with other ripple systems which were analyzed for pattern 

defects22, we notice that LIPSS films differ from IBS patterns in the following: (1) a spread of 

local ripple directions due to meandering is significant and (2) breaks of longitudinal coherence 

are absent, except for the existence of pattern dislocations (but with density typically two orders 

of magnitude lower). The presence of topological defects in patterned films yields to 

magnetostatic defects which could alter magnetization reversal especially in the easy axis 

configuration. 

Permalloy films were also grown on flat (unirradiated) PET foils. In-plane magnetization 

loops of these samples were measured by the Kerr effect up to saturation field at different in-

plane field directions (see Supplementary Materials, Fig. S2.1). As expected, MOKE 

measurements proved an isotropic in-plane behavior for the flat films – i.e. magnetization does 

not depend on field angle –, irrespective of film thickness. 

The measurement of Permalloy films on LIPSS with longitudinal MOKE and p-polarized 

light gives access to both the longitudinal ML and transverse MT curves. Fig. 2 shows vector 

magnetization that is exemplary behavior of angular studies for the thin Py films on LIPSS. Fig. 

2A–D show the longitudinal and transverse loops for a few important in-plane field directions 

(angle αH) relative to the ripple direction: 0°, 45°, 90° and 135°. In the first case (αH = 0°), the 

longitudinal magnetization is nearly a square loop with saturated magnetization for fields above 

the coercive field (HC) and the transverse magnetization is negligible. For intermediate field 

angles, such as 45° or 135°, both magnetization components are significant. The irreversible 

point in the transverse loops occurs at the switching field (HS). In the third panel (Fig. 2C), is 

applied perpendicular to the ripples; precisely, a few degrees off this axis (αH ≈ 88°) to allow 

for an enhanced signal. A significant transverse component shows only for fields below a 

maximum switching field or anisotropy field (HK). The longitudinal magnetization is reversibly 

linear for fields below technical saturation across the pattern or, at two degrees off the 

perpendicular, a shear loop with residual hysteresis. These features provide evidence of 

uniaxial magnetic anisotropy (UMA) with the easy axis (E.A.) along the ripple pattern, i.e. αH 

= 0°, and the hard axis (H.A.) across the pattern, i.e. αH = 90°. 

In principle, the anisotropy field (HK) could be extracted following two methods with the 

field applied in hard axis; firstly, as the field required for saturation of the longitudinal 

magnetization, or, secondly, as the switching field (HS) of the transverse loop. Since the proper 

use of the first method requires an abrupt change of magnetization ML(H) slope at saturation 

field – that is not the case when a spread of anisotropy axis/field is present – we have relied 



on the second method19, 23. Critical fields μ0HC (from ML at easy axis) ranging 1 – 2.5 mT and 

μ0HK (equal to HS from MT at hard axis) ranging 3 – 10 mT are measured for samples that 

developed complete uniaxial magnetic anisotropy, i.e. with different Permalloy film thicknesses 

from 10 nm up to 30 nm. We have also proved existence of complete UMA in transmission 

configuration (Voight effect) despite of the strong birefringence effect of the undulated PET 

substrates24. Data in Supplementary Materials (sect. I) include the Voight effect measurements 

and reference to our optical transmittance characterization. Films thicker than 50 nm show just 

a partial anisotropy resembling a complicated behavior where both isotropic behavior and 

uniaxial anisotropy occur. Therefore, these samples are not considered in the present study. 

An insight about magnetization reversal is gained by the comparison of measured 

magnetization loops with reversal models. The classical theory describing reversal of single-

domain isolated particles has been enlarged by Stoner and Wohlfarth (SW model)25, 26. 

Magnetization cycles predicted from SW model at different in-plane field angles are included 

as solid lines in Fig. 2 for comparison with measurements of our Permalloy films on the LIPSS. 

We notice a semi-quantitative agreement between calculations of both components and the 

corresponding loops for different field angles, except for a clear discrepancy with the coercive 

field values at easy axis (Fig. 2A) and for the longitudinal ML loop around the hard axis (Fig. 

2C). The former is expected for large size systems where multi-domain effects are present, 

e.g., thin films, and in which this simple macrospin approach fails, the measured E.A. coercive 

fields are typically lower than SW predictions. A reduced HC is often found in this and other 

uniaxial systems; the called Brown’s paradox27. Along this line, let us recall that a small and 

controllable E.A. coercive force is a requirement for field sensing because a large coercivity 

causes hysteresis of the transfer curves of magnetoresistive devices11. Similarly, optical-

interface field sensing devices made of mesoscale linear gratings (quasi-sinusoidal profiles) 

have recently achieved remarkable sensitivity of a few μOe for the lowest E.A. switching fields9. 

Supplementary Materials (sect. II) include a brief review of published studies on various 

uniaxial ripple systems that shows clear evidence for easy-axis coercive force necessarily 

related to pattern defects22, 28-31. Besides, angular studies of HC(αH) and MR(αH), in comparison 

with reversal models, of our ripple Py films as well as others are generally consistent with the 

macrospin approach and with easy-axis reversal in a propagative quasi-static regime. Only the 

application of dynamic regime can change the reversal mechanism from propagative to 

nucleative and controllably enhance coercivity32. With the angular studies, we noticed a spread 

of anisotropy axis that correlates to the pattern defects observed in our ripple Py films; ripple 

meandering stood out as significant deviations of ripple direction. The distribution of ripple axis 

is a likely origin for the spread of easy axis (equivalent to a distribution of hard axis). If we were 



to minimize the anisotropy axis dispersion, other ripple films22 or a lithographically patterned 

linear grating should be considered to tailor a well-defined easy axis9. 

The second discrepancy occurred in the hard axis magnetization (Fig. 2C), since the 

longitudinal ML loop saturates at a field lower than predicted by SW curve; there seems to be 

different anisotropy fields for the measured ML and MT loops. As explained in the introduction, 

the most relevant critical field is the uniaxial anisotropy field, therefore we hereafter intend to 

clarify its source and learn how to tune its strength with the ripple dimensions. Many 

applications rely on anisotropy strength engineering. On one hand, for instance, the 

requirements for magnetic field sensing involve the smallest possible uniaxial anisotropy field 

(sensitivity is inversely proportional to HK)11. On the other hand, high-frequency applications 

benefit from large anisotropy fields related to ripple patterns either because of tailoring the 

natural ferromagnetic resonance33 or by the potential introduction of extrinsic relaxation 

mechanisms34. Analytical methods have been used to study magnetic anisotropy of thick films 

with one (ripple) surface of sinusoidal profile. E. Schlömann35 calculated the demagnetizing 

field (HD) in a state of uniform magnetization, i.e. with surface charges leading the magnetic 

anisotropy in a thick film. This scenario and predictions have proved valid in case the pattern 

lengths are much smaller than film thickness4, 29. More recently Vaz et al. theoretically studied 

the extra magnetic anisotropy in ultrathin crystalline films due to a randomly distributed (no 

directionality) small roughness, and predicted an “undulating” state with magnetization 

direction following the local surface profile of the thinnest samples36. They also predicted a 

transition or crossover from the undulating state to a uniform magnetization in the film plane 

for the thicker films, although the critical thickness could not be analytically calculated as it 

would require the exceedingly complicated calculation of volume charge distribution. As a 

matter of fact, the general behavior of a vector field in a ripple system is far from being 

analytically solved37. However, the crossover between the two magnetic states could be 

measured by Liedke et al. in ripple Co, Fe and Py films grown on IBS nanopatterns29. The 

critical thickness ranged around 10 nm in their films grown on ripple templates with 25 nm 

wavelength and 2 nm amplitude. Numerical methods have also been applied to ripple films by 

the Dresden group29, 38. They performed micro-magnetics simulations of a ripple Fe film on a 

symmetric low-amplitude pattern at both film-air and film-substrate interfaces29. In order to 

obtain an alignment of magnetization across the pattern (hard axis configuration) a 100 nm 

thick stripe was simulated; this basic ripple structure was thus limited in the direction along the 

ripples but periodically extended in the tranverse in-plane direction. 

To model LIPSS films and investigate uniaxial anisotropy, in this work we undertake a 

different numerical approach based on a finite-difference method and a large model structure 

consisting of a ripple Permalloy film, with sinusoidal contours at both upper and lower 



interfaces, that is extended in X and Y in-plane directions by means of periodic boundary 

conditions. Micromagnetic simulations of these structures have been accomplished by using 

public access MuMax3 software at different in-plane field strengths and directions, without 

introducing any extra anisotropy axis or magneto-crystalline anisotropy. This allows to 

understand the local magnetization configuration, reversal processes and energy contributions 

(demagnetizing, exchange and Zeeman). Pattern dimensions of the model structures have 

been chosen to match those of the Permalloy films on LIPSS: ripple periodicity 240 nm and 

amplitude 45 nm. Each model structure is made of a uniform thickness film. Different model 

structures are calculated with film thickness ranging from low values comparable to exchange 

length (5.3 nm) to values as high as 100 nm, particularly the range of values corresponding to 

uniaxial films measured. Supplementary Materials (sect. III) include further details and 

crosschecks for micromagnetic modelling39-42. 

Left and right panels of Fig. 3 show the calculated longitudinal and transverse 

magnetization loops for two ripple models of thickness 10 nm and 30 nm, respectively, at 

different field angles. First of all, we notice that all loops of the 10 nm thin model (left panels 

A-B-C) resemble the field and angle dependence predicted from SW theory; this solely 

implying the ripples induce uniaxial anisotropy (as there is no extra anisotropy in the model). 

For completion in case of very thin film models, Supplementary Materials (sect. III) includes 

results of simulations in a wide 360° αH angle range with polar plots of normalized MR(αH) and 

HS(αH) closely following the macrospin theory with easy axis along the ripples (Fig. S3.3). The 

upper plots (A) and (D) of Fig. 3 are loops calculated with field applied along the ripple pattern 

in agreement with easy axis magnetization (so is for any model film thickness up to 100 nm). 

Lower panels (C) and (F) show loops calculated with external field across the ripples, both 

exhibiting ML(H) linear dependence on applied field in agreement with hard axis configuration. 

Remarkable differences are observed in the transverse loops, though; between the 10 nm and 

the 30 nm thick film models. As the model thickness is set higher than the Py exchange length, 

the H.A. calculated loops gradually depart from the SW predictions. Specially at and around 

the hard axis the calculated ML loop for the 30 nm model film (Fig. 3F) presents a reversible 

linear dependence on field although without an abrupt approach to technical saturation and, 

remarkably, the transverse MT loop shows a (church) bell-shape with a significant part 

extending to fields above those required for (technical) saturation of the longitudinal 

component. Therefore, we could speak of two anisotropy fields - pointed by arrows in Fig. 3F 

-: HD1 referred to the switching field of MT and HD2 referred to the saturation field of ML. Strictly 

speaking, there is only one uniaxial anisotropy field at HK = HD1 whereby magnetization 

switching occurs. Irrespective of model film thickness, the hard-axis saturated longitudinal 



magnetization above the anisotropy field HD1 - does not reach full moment MS but a mere ~ 

93% of it, this percent further increasing very slowly with higher fields. 

This hard axis behavior stands out and can be understood by the visualization of the 

magnetization distribution obtained with the micromagnetic modelling (Fig. 4). Both model 

structures of 10 nm and 30 nm film thickness lead to H.A. solutions in which every cell moments 

point parallel to the sinusoidal interfaces even at large external fields above technical 

saturation; in other words, the magnetization distribution corresponds to the undulated 

magnetic state as predicted by Vaz et al. [36]. Fig. 4A–B include arrows representing local 

magnetization direction, under an external field just above saturation, that point up and down 

to closely follow the surface contour. This state is a spatial distribution of magnetization such 

that the product is negligible at the interfaces (being the local surface normal) thus, surface 

charges can be ignored provided the external field is not too high. Hard axis simulations 

indicate this is the case regardless of film thickness at least up to 100 nm thick film models. 

Consistently with the undulated state, a divergence of magnetization arises in the ripple films 

(see Fig. 4C–D), which can be understood as free poles (density) responsible for a 

demagnetizing field. Pole density can be associated to a demagnetizing field that is not uniform 

throughout the ripple film: modelling maps inside the films (Fig. 4C–D) show a demagnetizing 

field (HD1) that points fully opposite to external field (in Y direction) at both ridges/valleys and 

an oblique demagnetizing field characteristic of ripple slopes. The latter is clearly not uniform 

in the 30 nm thick film - changing slightly direction over the ripple slope -, with its (smaller) 

spatial average corresponding to HD2. These are the two uniaxial anisotropy fields inferred from 

the calculated mean magnetization curves of Fig. 3F, HD1 and HD2, the difference between 

them becomes higher for the thicker film. Analysis of local magnetization loops (see 

Supplementary Materials sect. III) is consistent with both parts playing simultaneously a role 

at either slope or ridge zones, however a sharp peak of transverse susceptibility is enhanced 

at the ridges/valleys for the applied fields around HD1 (Fig. S3.4). 

The internal pole distribution depicted in Fig. 4C–D, in other words, represents a 

volume-like anisotropy which is driven by the sinusoidal profile of the ripple film. Pole 

distribution on the slopes of the 10 nm thick film pattern is more uniform and the difference 

between demagnetizing fields smaller than that of the 30 nm film, which looks like two pairs of 

poles with a soft one at central slope. Besides these plots include the stray fields generated 

outside the films as it is a measurable magnitude and may lead to applications by its own. The 

thick film creates more intense stray field than the thin one and with extrema of Z-component 

shifted 48 nm with respect to the top of surface modulation. This distance is in quantitative 

agreement with that measured from MFM images on similar ripple Py films by Körner et al.38. 



Since a quantitative agreement with experiments is normally beyond the scope of 

micromagnetic simulation (samples include pattern defects and other defect types not present 

in model), hereafter we perform a qualitative comparison with the magneto-optic experiments 

to check for the existence of the foreseen unique features: two uniaxial demagnetizing fields 

and a distinctive bell shape of transverse magnetization loops. These as well as the thickness 

evolution of anisotropy energy will provide experimental input in the following analysis. The 

comparison between simulations of mean magnetization and the magneto-optical Kerr effect 

loops in hard axis is depicted in Fig. 5, including ML and MT curves for the 15 nm and 30 nm 

films. These loops are plotted as a function of reduced field h = H/HK (HK being HD1 of each 

modelling or experimental curve) for a better comparison. The modelling loops have been 

averaged for a distribution of anisotropy axis (assuming normal distribution weights) after the 

observation of anisotropy spread (see Supplementary Materials sect. II). The two 

demagnetizing fields are clearly present in loops of the thicker ripple film (Fig. 5B), also the 

bell-shape of transverse loops. There seems to be two different demagnetizing fields for the 

15 nm ripple film, too, but overall agreement is not so satisfactory perhaps because of the 

lower intrinsic signal-to-noise ratio as the film is made thinner. 

Another important point in this comparison is that modelling curves are calculations 

averaged over the whole film, i.e. mean magnetization, but this magnitude is not necessarily 

expected to match the normalized magnetization from the Kerr effect loops because the film 

system is a very ripple material nanostructure. As it is very ragged and periodically arranged, 

it can be considered like a metal coated subwavelength grating. Calculations of optical electric 

field distribution of TM-mode red beam reflected off a metal coated grating predict a non-

uniform light intensity localized at and around the ridges43. Therefore the longitudinal MOKE 

loops in hard axis configuration (with p-polarization corresponding to TM mode) could 

especially be probing the ripple ridges. These considerations, and the fact that other published 

studies emphasized the depth dependence of Kerr effect is far from trivial44, make us compare 

the magneto-optics experiments and modelling loops semi-quantitatively. Nevertheless, we 

can add a classical analysis to this study considering the evolution of critical field with film 

thickness. The source of anisotropy in ripple films has been investigated by some authors with 

the thickness dependence of uniaxial anisotropy energy density as KU = ½μ0MSHK
29, 45. 

Classical analysis of magnetic anisotropies on almost flat thin films usually states that KU can 

be separated into volume (KU
V) and surface (KU

S) contributions46. 

KU = KU
V + KU

S/t 

With this equation the plot of KU∙t as a function of thickness (t) for flat systems often 

yields a linear dependence and a positive/negative intercept, at vanishing thickness, is 

interpreted as surface/perpendicular anisotropy contributions, respectively. Its validity has 



though not been proved for curved systems such as these very ragged ripple films. Fig. 6 plots 

the product KU∙t obtained from our simulations and magneto-optics experiments in the ripple 

Permalloy films. In this plot, neither simulations nor experiments follow a linear dependence: 

both the increasing slope of the thickness dependence and the absence of positive intercept 

rule out a surface contribution to uniaxial anisotropy. We have discussed before why a 

quantitative comparison is rarely the purpose of micromagnetic modelling (especially if sample 

defects are relevant), nonetheless the overall thickness dependence of anisotropy energy data 

is remarkably similar to that of modelling. Both simulation and experimental energies increase 

with thickness and the slope gets smaller as the film thickness approaches the exchange 

length. 

 

CONCLUSIONS  

In conclusion, we have combined a versatile, scalable laser-irradiation patterning of a 

polymer surface and a PVD growth of soft magnetic films on that surface pattern for the first 

time. This unique media comprises a continuous but undulated, flexible and semitransparent 

Py film grown on the pre-patterned PET foils. Remarkably, not only the pattern periodicity and 

amplitude are both large in comparison with the Py film thickness, but the film thickness itself 

is large enough as to ensure a continuous morphology and avoid significant surface effects. 

Surface magneto-optical loops in reflection and transmission geometries are evidences for the 

ripple pattern inducing a complete uniaxial magnetic anisotropy with a low anisotropy strength 

(μ0HK) ranging from 3 to 10 mT. Magnetic analysis is based on a whole set of micromagnetic 

simulations with various film thickness, field angles and strengths for a model structure whose 

dimensions match those of the ripple samples and considering periodic boundary conditions. 

Semi-quantitative predictions of this thorough modelling are confirmed with experiments: (1) 

the existence of two disparate demagnetizing fields in hard axis magnetization, especially in 

the thicker films, and (2) the increasing anisotropy energy dependence on film thickness. 

These findings are explained by the curvature of film morphology (surface slope over 20°) 

inducing magnetic volume-like poles, i.e. the choice of large pattern dimensions has made 

possible to achieve an undulated magnetic state and tunable volume-like anisotropy. This 

uniaxial undulated state resembles the SW macrospin to a large extent, except for the 

distinctive features referred above being noticed in hard axis magnetization only. Although this 

scenario has been checked up to a film thickness of 30 nm, modelling suggest it can be 

achieved with thicker films. 
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Figure 1. (A) 10 × 10 μm2 AFM topography image of the surface pattern of 20 nm thick Py film 

grown on a nano-undulated PET foil (height gray-color scale on the right side). Inset shows a 

topography line profile across the ripples (black dots) and a sine function (red line) for 

comparison. (B) Zoomed map (7.5 × 7.5 μm2) showing exemplary areas of topological defects: 

a few pattern dislocations in red and yellow circles – total density less than 8 × 109 m−2 – and 

ripple meandering delineated by a dashed ellipse.  

 

  



Figure 2. (A)-(D) Normalized longitudinal and transversal magnetization loops obtained from 

the longitudinal MOKE of the 15 nm thick Permalloy film on LIPSS for the field applied at the 

following in-plane angles (αH) with respect to the ripple direction: (A) along the easy-magnetic 

axis, i.e. αH = 0°, (B) 45°, (C) near 90° - hard axis - and (D) 135°. Black symbols and red 

symbols correspond to MOKE longitudinal (ML) and transversal (MT) loops, respectively. Black 

and red solid lines are calculated loops for ML and MT, respectively, with the SW model. 

 

  



Figure 3. Upper sketch shows part of the ripple film model in relation to the external field. Left 

panels (A), (B) and (C) are calculated loops of a 10 nm thick ripple Permalloy film (pattern 

periodicity 240 nm and amplitude 45 nm) with the field applied along the ripple crests (E.A.), 

at an angle αH = 45° and across the ripple pattern αH = 89.9° (H.A.), respectively. Right panels 

(D), (E) and (F) are simulated loops of a 30 nm thick ripple Permalloy film 

 

  



Figure 4. Upper panels (A) and (B) sketch the H.A. magnetization map under external field of 

H = 15 mT (>HK) applied along Y axis (horizontal) of the 10 nm and 30 nm thick ripple 

structures, respectively, with the color scale graded for the vertical component MZ/MS. Lower 

panels (C) and (D) plot the divergence of magnetization (pole density in color scale) together 

with demagnetizing fields (arrows) in the model structure of 10 nm and 30 nm thickness films, 

respectively. Stray fields generated by the ripple models are plotted outside the films. 

 

  



Figure 5. (A) and (B) are plots of normalized longitudinal ML/MS(H) and transverse MT/MS(H) 

loops for the 15 nm and 30 nm thick films, respectively. Black and red dots are longitudinal and 

transverse MOKE components for either film. Black and red line are calculated longitudinal 

and transverse loops from micromagnetic modelling as explained in the text. 

 

  



Figure 6. Plot of uniaxial anisotropy density (KU) multiplied by thickness (t) as a function of 

thickness of ripple Py films from modelling (blue squares) or Kerr effect measurements 

(green circles). 
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