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Abstract: We report the measurement of form and magnetic birefringence in Permalloy
(Ni80Fe20) films grown on rippled Poly(Ethylene Terephthalate), PET, substrates. Prior to
Permalloy deposition, Laser Induced Periodic Surface Structures (LIPSS) were generated on the
polymeric substrate by a nanosecond laser beam, developing an ordered rippled nanostructure.
Due to their high transparency factor, we could investigate the behavior of linear polarized light
transmitting at normal incidence on Permalloy/PET sample. The results show the existence of an
optical axis parallel to the ripples direction, which yields an strong form birefringence effect
arising from the laser patterning. Concerning the Permalloy thin film, the study of its in-plane
magnetization was carried out measuring the Voigt magnetooptical effect. The obtained data in
our samples reveal the appearance of two different mechanisms to reverse the magnetization, as
the external magnetic field is parallel or perpendicular to the ripples direction. Accordingly, the
transmitted light shows a magnetic birefringence depending on the relative orientation between
the ripple direction, i.e. the optical axis of the LIPSS, and the in-plane magnetization of the
Permalloy film.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In recent years, the use of pulsed lasers to irradiate different substrates has shown to be a powerful
tool to obtain high resolution bidimensional nanostructures. Among these, laser-induced
periodic surface structures (LIPSS) have attracted a considerable research interest due to their
potential application in high density data storage, microelectronics and microelectromechanical
systems [1–3]. For this purpose, various pulse laser durations, ranging from nano to femtosecond
regimes, have been used to create ordered nanostructures in different systems, e.g. metals [4],
dielectrics or semiconductors [1, 5, 6]. More recently, this research has been also extended to
glasses [7, 8] and different polymeric substrates [9–12]. The great resolution of LIPSS arises
from the short pulse of high energy, applied on a very localized region of the substrate during
laser irradiation. This ultrafast energy deposit rapidly transforms the material with high precision,
before the surroundings can be altered. That results in highly localized surface modifications
without collateral material damage.

Additionally, the possibility to design and study LIPSS on a transparent matrix opens very
interesting research opportunities in optical applications, from both fundamental and applied
point of view. After a controlled pulsed laser irradiation, the pristine substrate can evolve
from isotropic to anisotropic, concerning the behaviour of transmitted light through the LIPSS.
For induced periodic nanostructures with a shape showing a predominant symmetry axis, the
polarized light propagates differently depending on the relative direction between its electrical
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field and the above direction, e.g. two phase velocities and refraction indexes. This optical form
effect [13], similar to the birefringence effect in uniaxial crystals, have been reported in LIPSS
induced on different glasses [7, 8]. In the case of polymeric substrates, laser irradiation yields
corrugated surfaces consisting in a periodic array of ripples, aligning parallel with the incident
laser polarization direction [9, 10]. Consequently, this ripple direction breaks the initial shape
symmetry of the substrate, being responsible for an expected form birefringence also in these
polymeric systems which has not been reported before. The occurrence of this optical effect
could turn these polymeric LIPSS into reliable detectors in polarization sensitive flat optics.

In addition, formetallized LIPSS the existence of awell defined anisotropic nanostructure brings
about noticeable effects on many physical properties of its capping layer. For instance, the ripple
direction yields an strong anisotropy source in both the electrical transport andmagnetic properties.
As previously reported in rippled cobalt surfaces with ion beam techniques [14,15], their in-plane
magnetization differently reverses as the external magnetic field is applied perpendicular or
parallel to the ripples direction. Consequently, a magnetic birefringence effect is observed for
transmitting light across that undulated ferromagnetic surface [16]. This could be also applicable
to metallized polymeric LIPSS, turning them into sensitive heteroestructures to detect subtle
magnetooptical effects.
The use of nanotechnology for generating panostructured patterns in magnetic thin films

allows altering the magnetic properties of the material, such as the coercive field, saturation
magnetization and magnetic anisotropy. Particularly, magnetic anisotropy is a key ingredient
to many applications such as data storage and a variety of magnetic sensors. The generation
of patterns, shapes or the introduction of defects in the magnetic thin film, has proven to be
an efficient way of altering the basic properties of a material [14, 15, 17–20]. Besides, the
control and improvement of magnetic anisotropy will allow new functionalities, as an instance,
microwave frequency operation of electronics filters [21]. Special interest lies in magnetic films
on plastic substrates as these will allow extra functionalities related to flexible devices. We
regard pioneering work by Briones et al. [22] which proved magnetic anisotropy imprint on films
grown onto pre-strained PDMS templates. Same polymer materials have been lately used by Li
et al. [21] as a substrate for FeCoTa films with static and dynamic anisotropy properties.

In this work, we have first studied the transmitted intensity of polarized light across the rippled
PET substrate, focusing on its dependence on the relative orientation between the uniaxial LIPSS
and the electrical field direction. The results show the ripple direction to be an effective optical
axis, leading to a strong form birefringence in the corrugated polymeric surface. Secondly, we
have investigated the capability of that uniaxial LIPSS to also provide a source of anisotropy
in the surface magnetization of a capping layer. In this sense, we have measured the Voigt
magnetooptical effect of rippled PET substrates coated with different Permalloy thin films.

2. Experimental

2.1. Substrate patterning and Permalloy deposition

Substrates of samples are polymeric poly(ethylene terephthalate) i.e. PET of 125 µm thickness,
free-standing films. These foils were nanostructured by scanned irradiation at normal incidence
with a linearly polarized laser beam from a Q-switched Nd:YAG laser (Lotis TII LS- 2131M)
with pulse duration of 8 ns at a repetition rate of 10 Hz [23]. The fourth harmonic of the
fundamental laser radiation at 266 nm was used due to the high absorption coefficient of PET
at this wavelength. Formation of LIPSS was achieved at optimum conditions of fluence and
number of pulses. Laser fluence was determined by measuring the laser energy in front of the
sample and calculating the area of the irradiated spots. Laser fluence typically ranges 8-10
mJ/cm2. Samples were mounted on a motorized XY translation stage and in order to irradiate
larger areas a sample scanning process was used. The scanning speed, and consequently the
spatial overlap of successive pulses, was chosen to apply the optimal amount of pulses for LIPSS
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formation, which exceeds 3600. The fluence must reach a minimum value to overcome the glass
transition temperature on the surface of the amorphous polymer but are well below the ablation
threshold of PET at this wavelength. All polymer foils have been irradiated with a fixed set of
beam parameters.

Polycrystalline Ni80Fe20 films were grown at a rate above 1 Å/s by dc sputtering from a 1.5 in.
diameter magnetron source on unheated PET foils either with or without surface laser patterning.
Film growth required argon gas at pressure 8 · 10−3 millibars and the substrate was located at the
center above the magnetron gun and parallel to the sputter target. In this way the growing film
gets rid of any features related with geometrical effects such as columnar defects. Prior to and
after the magnetic film deposition a thin 2-3 nm AlOx layer is sputter grown to prevent oxidation
of the magnetic layer. The thickness of as-grown films is determined by ex situ X-ray reflectivity.

2.2. Experimental characterization

A representative surface topography of permalloy films grown on LIPSS foils is shown with
the AFM image in the panel of Fig. 1(a). Precise pattern characteristic lengths may slightly
vary from sample to sample, irrespective of the thickness of the magnetic layer. As an inset of
this Fig. 1(a) appears the histogram of surface ripple amplitudes, i.e. depths, obtained from
the same topography image with a number of crest-to-trough excursions taken in a direction
locally perpendicular to the ripples. A mean ripple amplitude 42±5 nm roughly corresponds to
that of the bare LIPSS polymer (not shown) so, the film surface pattern must have conformally
reproduced the film-substrate interface pattern. As we mentioned before this value only slightly
varies with the permalloy thickness and is intentionally large for a LIPSS on PET, as compared to
previous patterning of the same polymer with different laser dose [24]. The pattern period, i.e.
mean spacing, can be extracted from the whole AFM image by means of the 2D Fast Fourier
transform which is shown in the inset of panel in Fig. 1(b). Line profiles from the Fourier
Transform across the pattern, kx dependence, and along the pattern, ky dependence, are curves
displayed in the same figure. Up to fourth order peaks show in kx profiles at a set of kx values
corresponding to a mean period 210 nm. This pattern period is clearly below the irradiating laser
wavelength 266 nm; such an effect being expected as the period of LIPSS has been reported to
increase with laser fluence and number of pulses until it reaches a plateau for a value of period
similar to the irradiating laser wavelength [23]. Either the pattern peaks or the central peak of
any profile is just as broad as a result of image size, so the pattern coherence must clearly be
larger than the image area. Nonetheless some pattern defects of various types can be observed
such ”Y-shape” defects (pattern dislocations) and other long-range corrugation probably already
present in bare polymer pattern.
As previously commented, the optical characterization were accomplished measuring the

transmitted light across the sample. An He-Ne laser beam (633 nm, 1 mW) was focused on
the sample surface at normal incidence. The polarization plane of the beam could be adjusted
with a Glann-Thompson (GT) polarizer. After, the transmitted light was optically analyzed with
(a) a crossed GT polarizer for retardation measurements or (b) a Wollaston prism to investigate
both form and magnetic birefringence. In any configuration, the signals were recorded later with
fast photodiode detectors and an amplifier circuit. For magnetic measurements, the alternating
external field, H, was applied in the sample plane with a 30Hz sweep rate, and its direction
could be manually rotated with a 2◦ precision. Further experimental details are given along each
following section.
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Fig. 1. (Left) Frontal view of the sample along the light path used for measurements in
section 3.1. (Right) (a) 5x5 µm2 AFM topography image of the surface pattern of 20 nm
thick permalloy film grown on a PET foil which has previously undergone a LIPSS process.
Its inset shows a ripple amplitude histogram from the surface pattern of the topography
image. (Right) (b) Line profiles along the main directions (perpendicular=across the pattern,
parallel=along the pattern) of a Fourier Transform from the topography image in upper
figure. The 2D Fourier Transform image is shown in the inset.

3. Results and discussion

3.1. Form birefringence

To investigate the occurrence of form birefringence in LIPSS patterned onto a PET substrate, we
first measured the dependence of transmitted light on the relative orientation between the ripple
direction and the polarization plane of incoming beam, angle θ. With the Wollaston prism, the
emerging light was decomposed into its orthogonal components, Ix and Iy , the x axis coinciding
with the electrical field direction of the incident radiation (drawing in Fig. 1). As an example, the
results for a polymeric LIPSS coated with a Permalloy thin film of 10 nm thickness are shown
in Fig. 2. Both recorded signals follow the characteristic dependence on sin2θ of an emerging
beam whose polarization state is the superposition of two rays oriented at right angle. The ripple
direction behaves as an optical axis, splitting the incident light into ordinary and extraordinary
rays, with their respective electrical field planes parallel and perpendicular to the ripple direction
(see Fig. 1). Around θ = 45◦, the polymeric LIPSS fully transforms the polarization state of the
incoming beam (maximal Ix), rotating its electrical field 90◦ in the transmitted light (Ix ∼ 0).
This observed form birefringence arising from the nanostructured PET substrate is much stronger
than the inherent birefringence, which exists in some polymeric materials and is due to the initial
alignment of the polymeric chains. For a comparison, we have also included in Fig. 2 both Ix
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and Iy measured in a pristine PET foil. It can be seen therein that Ix only decreases around 10%
at θ = 45◦, showing a partial and much weaker birefringence effect. A further characterization
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Fig. 2. (Left) Angular dependence of both normalized intensities for the Permal-
loy(10nm)/PET sample, Ix (black symbols) and Iy (red symbols). (Right) Angular depen-
dence of both intensities for that sample (solid circles) and the flat PET foil (open circles).
The Ix curve for the Permalloy(10nm)/PET sample has been vertically shifted for comparison.
Lines are guides to the eye.

of the observed form effect in our rippled PET substrates was accomplished by measuring and
estimating their retardation factor. For this purpose, the Wollaston prism was substituted by a GT
polarizer, crossed with respect to the first polarizer. In this configuration, the intensity of the
transmitted light was measured with just one photodetector, and rotating the sample an angular
range of θ = 0 − 90◦. The angular dependence of the transmitted signal is shown in Fig. 3 for all
samples. As seen there, every plot follows the expected sin22θ behavior [7], which is also shown
in the Eq. (1):

T =
sin2(2θ)

2
(1 − cos(δ)) (1)

This expression corresponds to the transmitted intensity, T, of a birefringent medium placed
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Fig. 3. (left) Angular dependence of T for LIPSS on PET coated with different Permalloy
coatings. Lines are guides to the eye. (right) Solid circles are the estimated δ factor from Eq.
(1) at θ = 45◦ for all measured samples. The solid line corresponds to the representation of
that equation. The maximum experimental error for T was ∼ 10−3
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between two crossed polarizers, where δ is the retardation factor [7,8]. The estimation of δ value
in our LIPSS can be done from the curves displayed in the left panel of Fig. 3, and taking the
maximal T measured at θ = 45◦. The resulting δ estimations for all samples are shown in the
right panel of Fig. 3, beside a plot of the equation (Eq. 1). In all cases, the retardation values
are much higher than the one for pristine PET foil, supporting the hypothesis of a strong form
birefringence effect in rippled PET substrates. This is particularly clear for the sample with the
thinnest Permalloy film (10nm), δ ∼ 1.21, where we would approach to the bare rippled PET. A
decreasing trend of δ with higher Permalloy thicknesses is also evident from the results, arising
from the increasing intensity absorption of the metallic film. In all cases, the retardation values
of our LIPSS, originated in the form birefringence effect, stand well above the one for the flat
PET foil, and are comparable or higher to reported δ values of LIPSS in glass systems [8].

3.2. Magnetic birefringence

The magnetic characterization of our samples was carried on by investigating the existence of
different mechanisms to reverse the in-plane magnetization, M, under an external magnetic field.
In bidimensional magnetic systems whose M behaves isotropically, the transmitted light does not
undergo any change in its polarization as all in-plane directions are equivalent. On the other
hand, for magnetic films showing some in-plane anisotropy direction, different mechanisms rule
the magnetization reversal depending on the relative orientation between H and that anisotropy
axis. Consequently, the incident beam will traverse the sample with different velocities as its
polarization plane is differently affected by M, parallel or perpendicular to the anisotropy axis.
That results in a phase shift δV and an emerging light elliptically polarized. This magnetic
birefringence is the known magnetooptical Voigt effect, δV ∝ n‖ − n⊥, where both refraction
indexes correspond to polarized radiation with electric vectors parallel or perpendicular to M,
respectively [25]. Contrarily to the Kerr rotation for the reflected light, that Voigt effect is
quadratic with respect to M and dependent on the off-diagonal terms of the dielectric tensor ε̂ of
the anisotropic medium magnetically affecting to the transmitted light [26]. The magnetooptical
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Fig. 4. Raw data of measured differential intensity with H oriented perpendicular to the
ripples direction and a range of ±40◦ (sample with a Permalloy film of 15nm thickness).
Arrows indicate the H variation in all panels.

                                                                                              Vol. 27, No. 15 | 22 Jul 2019 | OPTICS EXPRESS 21290 

 



Voigt effect is extremely smaller than the form birefringence arising from the LIPSS and studied
in section 3.1. Some considerations were taken in account to separate both effects. During
the whole measurement, the sample was kept with its ripple direction along x axis, and the
polarization plane of the incoming radiation oriented θ = 45◦ to x axis. In this configuration,
both Ix and Iy signals are very similar after emerging from the LIPSS in PET substrate. That
enabled us to cancel the form birefringence effect at the differential amplifier circuit, prior to
switch the external magnetic field. Thus, the measured signal δV ∝ ∆I = Ix − Iy would only
relate to the magnetooptical effect, once H is applied in the sample plane [27]. Experimentally,
the magnetic birefringence appears as ∆I peaks when the in-plane magnetization perpendicular
to the anisotropy axis, M⊥, reverses coherently over that ripples direction under an external
alternating H [28].

For a Permalloy(15nm)/PET sample, the magnetic field dependence of ∆I at different relative
orientations between H and the normal direction to the ripples, hereafter Φ, is shown in Fig. 4.
As can be seen there, two separated peaks emerge from the background signal at Φ = ±40◦. As
we progressively align H perpendicular to the ripples, their relative distance decreases, reaching
zero at Φ = 0◦. This behaviour of ∆I in the transmitted radiation has been already observed in
rippled Co films showing magnetic birefringence [16, 26]. In this case, the LIPSS written on the
PET foil exhibits a well defined ripples direction, periodically extended all over the substrate.
After deposition, the magnetic thin film grown on that ripples array reproduces the same spatial
pattern, showing a coincident anisotropy axis parallel to the ripples direction. Thus, in this
corrugated Permalloy film, two different sources rule the M reversal in such anisotropic system,
on one hand, the nucleation and growth of 180◦ magnetic domains along the ripple direction
(easy magnetic axis, EA), on the other hand, the coherent rotation of M perpendicular to the
ripple direction (hard magnetic, HA) [15, 29]. The existence of these unlike mechanisms to
switch M consequently affects the linear polarized light transmitting across the sample, yielding
the occurrence of two intensity peaks centered above the coercive field, HC , values [28, 30].
As seen in Fig. 4, both intensity peaks merge at Φ = 0 where M is driven parallel to the HA.
indicating a complete uniaxial magnetic anisotropy (UMA) in our Permalloy(15nm)/PET sample.
That would mean that the polymeric LIPSS are responsible for the existence of two orthogonal
magnetic axes, EA and HA, coinciding with the symmetry axes of the ripples array.
Concerning the occurrence of UMA in our Permalloy/PET samples, further insight can be

obtained from Fig. 5. Therein, we have focused on measuring ∆I in the vicinity of the HA for
two samples with different Permalloy thicknesses, 15 and 25nm. For the thicker sample, the
displayed data show two peaks which get close but do not merge completely at Φ = 0◦, when H
is parallel to the hard magnetic axis. In this case, the anisotropy contribution arising from the
ripple array is slightly shadowed by the isotropic in-plane magnetization of the bulk, somewhat
more relevant in this thick magnetic film. On the contrary, for the Permalloy(15nm)/PET, the
results of the transmitted intensity exhibit an unique intensity peak when H aligns to the HA.
According to the frame of those two magnetic contributions, the surface magnetization is fully
ruled by the anisotropic rippled LIPSS, leading to the existence of a complete UMA in very thin
magnetic layers [16]. As commented above, in the vicinity of the HA, the Voigt effect is basically
∝M2

⊥ and we could outline an expected behaviour of M⊥ under the applied H around HA. In
spite of the quadratic dependence of δV on H, that simulation could help us to visualize the M⊥
reversal perpendicular to the anisotropy axis (Φ = 0), similarly to vectorial Kerr measurements
in nanostructured Co films [15, 29]. These modelized cycles can be seen in the insets of Fig. 5,
where the field dependence of M⊥ changes antisimetrycally at ∆Φ = ±2◦ over the HA. Finally,
we have estimated the coercive field, HC , of our Permalloy/PET samples from the transmitted
intensity data. The relative distance between both peaks is 2HC [28]. The dependence of HC

on the orientation of H with respect to the hard magnetic axis is plotted in Fig. 6, for samples
with 15 and 25nm thicknesses. In both cases, an abrupt decrease of HC clearly appears as H
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Fig. 6. Angular dependence of the coercive field measured around the normal to ripples
direction (HA). The maximum experimental error for HC was ∼ 0.03mT

is aligned perpendicular to the ripples direction. This agrees with the observed merging trend
of the intensity peaks. The angular dependence of HC for the 25 nm thick film shown in Fig.
6 is found first to increase as the field direction approaches the hard axis and then decrease
precisely at the hard axis. This behavior is in agreement with a so-called two-phase model
of magnetization reversal, whereby the film (area probed with transmitting laser) consists of
two different types of domains with either rotational coercivity or domain wall pinning type of
coercivity [31]. Recently, Li and coworkers [21] have reported a similar behavior in FeCoTa
films grown on wrinkled surface and good quantitative agreement with two-phase model. Further
analysis of magnetization reversal mechanisms will be the subject of a forthcoming article. From
the quantitative point of view, HC curve does not vanish at Φ = 0, indicating a partial UMA in
the thicker Permalloy film. Contrarily, the HC data for the Permalloy(15nm)/PET drastically
change from an approximate constant value to zero, as the in-plane magnetization reversal is
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accomplished along the EA or the HA. This would point on the polymeric LIPSS to be able to
induce UMA in the Permalloy coating, and therefore, magnetic birefringence.

4. Conclusion

In summary, we have successfully fabricated bidimensional heterostructures consisting in LIPSS
on a polymeric PET substrate coated with a Permalloy thin film. The LIPSS developed a well
defined ripple structure with a periodicity comparable to the incident laser radiation. The study of
the transmitted polarized light across these heterostructures revealed an strong form birefringence
arising from that rippled surface. We have shown the ripple direction to behave as an optical
axis, splitting the incoming radiation in ordinary and extraordinary rays. For LIPSS with a
thin magnetic layer, the estimated retardation factor (∼ 1.2) between those rays was higher than
reported values in other birefringent LIPSS. Additionally, we have studied the magnetooptical
Voigt effect in the in-plane magnetization of our Permalloy/PET systems. The obtained results
show the existence of magnetic birefringence, also originated from the polymeric LIPSS. Their
ripples direction introduces as well a magnetic anisotropy axis in the surface magnetization of
the Permalloy film. That leads to the appearance of dissimilar mechanisms for the magnetization
reversal, parallel or perpendicular to that ripples direction. Our results evidence the occurrence
of a complete uniaxial magnetic anisotropy in LIPSS coated with a Permalloy thin film. All the
above seems to put metallized polymeric LIPSS forward promising heterostructures to be applied
in optical and magnetooptical devices.
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