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Laser-induced  periodic  surface  structures  (LIPSS)  are  produced  on  cold  work  tool  steel  by irradiation
with  a low  number  of picosecond  laser  pulses.  As expected,  the  ripples,  with  a period  of  about  90%  of
the  laser  wavelength,  are  oriented  perpendicular  to the  laser  polarization.  Subsequent  irradiation  with
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the  polarization  rotated  by  45 or 90 results  in  a  corresponding  rotation  of  the  ripples.  This is  visible
already  with  the  first  pulse  and becomes  almost  complete  –  erasing  the  previous  orientation  – after  as
few  as  three  pulses.  The  phenomenon  is  not  only  observed  for single-spot  irradiation  but  also  for  writing
long  coherent  traces.  The  experimental  results  strongly  defy  the role  of  surface  plasmon-polaritons  as
the predominant  key  to  LIPSS  formation.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Laser-induced periodic surface structures (LIPSS) have been
ntensively studied on different materials in the last half of the
entury [1–8]. They can be observed in all kinds of solids, when
rradiated near their ablation threshold [9]. LIPSS appear as a reg-
lar ripple structure with a period that often scales with the laser
avelength [5], while its orientation and shape are defined by the
olarization of the incident light [10,11]. Since surface morphology

s a key factor in controlling the optical, mechanical or chemical
roperties of a solid surface, laser-induced surface modification
ound great interest in a wide range of different applications in pho-
onics, biomedicine, heat transfer, wettability, tribology, and other
reas [12–15].

The underlying physical mechanisms of LIPSS formation are
till under debate. However, two different approaches can be
ound in the literature. The first one is the generalized scattering
nd interference model [16,17] assuming that ripples are based
n lithographic ablation after a modulated energy deposition,
aused by an optical interference. The interference has often been

ttributed to the excitation of surface plasmon-polaritons (SPP)
18], since they can be easily addressed on a regularly corrugated
urface [19,20] with an optical resonance wavelength slightly larger

∗ Corresponding author.
E-mail address: peter.gregorcic@fs.uni-lj.si (P. Gregorčič).

ttp://dx.doi.org/10.1016/j.apsusc.2016.06.174
169-4332/© 2016 Elsevier B.V. All rights reserved.
than their spatial period. This model explains very well structures
consisting of long and almost parallel lines with periods close to
the laser wavelength. But, it is not able to describe the depen-
dence of the ripple period on the absorbed laser fluence and more
complex features, such as multiple bifurcations [21]. The second
approach to explain LIPSS formation is known as a self-organization
model [21,22]. It is very similar to models of surface structuring
by ion beam sputtering and is based on the dynamics of energetic
pulse interaction with the target material. By assuming that the
absorbed laser energy leads to instabilities of the surface region
due to softening and perturbation of crystal binding, it can explain
a spontaneous formation of surface structures within the laser-
modified area [21]. Moreover, the self-organization approach can
also explain the recent observation of coherently connected LIPSS
patterns in lines of individual spots with almost no spatial or tem-
poral overlap [7].

In all experiments and all models, the laser polarization is a
very important parameter during LIPSS formation, since the pat-
tern morphology and orientation are controlled by the polarization
of the laser-pulse electric field [4,9,11,23]. The main focus of the
present study lies on the investigation of the strictness of this
polarization dependence of the ripples on a metal surface. For this
purpose we  followed the pulse-to-pulse evolution of the LIPSS for-
mation when changing the polarization by 45◦ or 90◦ in the course

of trains of picosecond-laser pulses. The experiments were per-
formed both on a single spot as well as in line scans with 50%
overlap between the adjacent spots with the laser radiation blocked

dx.doi.org/10.1016/j.apsusc.2016.06.174
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2016.06.174&domain=pdf
mailto:peter.gregorcic@fs.uni-lj.si
dx.doi.org/10.1016/j.apsusc.2016.06.174


rface 

d
f
e
T
s
m
t

2

l
p
T
w
o
e
a
e
(
p
f
p
h
d
f

E
s
V
q
i
I
a

2
w
t
w
w
a
e
b
a

3

3

c
F
f
t
s
r
r
f
a
t

e
w
p
f
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uring the target displacement. As a target we chose a polished sur-
ace of K890 cold work tool steel that is designed for high ductility,
xhibiting a high capacity for plastic yield and high fatigue strength.
herefore, it is very suitable for tooling which requires high-edge
tability. The surface patterning may  be of importance for improve-
ent in tribology approaches, where LIPSS can significantly reduce

he friction [13].

. Experimental

In all experiments, the fundamental (�0 = 1064 nm) of a Nd:YAG
aser (Ekspla, Lithuania, PL2250-SH-TH) was focused onto the sam-
le surface in nearly normal incidence under atmospheric pressure.
he laser emits linearly polarized pulses of 30 ps duration (full
idth at half maximum; FWHM)  at a maximum repetition rate

f 50 Hz, which can be externally triggered. The laser beam was
xpanded by a 4 × telescope to a diameter of 12 mm.  In order to
chieve a more circular spot, we placed a diaphragm with a diam-
ter of 5 mm just behind the beam expander. A half-wave plate
HWP) in a rotation stage with an angular resolution of 0.3′ was
laced just before the focusing objective (f = 120 mm), yielding a
ocal spot of 60 �m diameter. The pulse energy, measured by a
yroelectric detector (Gentec Electro-Optics, Inc., Canada, Solo with
ead QE12LP-H-MB) after the focusing objective, was  set to 33 �J
uring all our experiments, with a standard deviation, calculated
rom 500 pulses, of ±1.3 �J.

As a target material we used cold work tool steel K890 (Böhler
delstahl, Kapfenberg/Austria), based on powder metallurgy, con-
isting of 0.85% C, 0.55% Si, 0.40% Mn,  4.35% Cr, 2.80% Mo,  2.10%
, 2.55% W and 4.50% Co. After machining, the K890 specimen was
uenched and triple tempered according to the steel producer spec-

fications (TA = 1100 ◦C, TT = 500 ◦C), achieving hardness of 64 HRC.
ts surface was highly polished and ultrasonically cleaned in ethanol
nd distilled water before the processing.

The target (a rectangular cuboid with dimensions of
0 × 20 × 8 mm3) was placed in a 3D positioning system, equipped
ith 3 linear stages (Eksma Optics, Lithuania) with 1 �m resolu-

ion. Here, the z direction is parallel with the excitation-pulse path,
hile the x axis is perpendicular to the z direction and parallel
ith an optical table. The y stage is tilted by about 5◦ in order to

void the back reflection into the laser; so, the angle of incidence
quals 85◦. After processing, the samples were analyzed ex-situ
y a scanning electron microscope (SEM; JSM-6500F) and by an
tomic force microscope (AFM; Veeco, Dimension 3100).

. Results

.1. Surface morphology as a function of focal position

In a first set of experiments, we searched for the best focusing
ondition to obtain a spot with a most homogeneous ripple pattern.
or this purpose, we moved the target along the z-axis around the
ocus plane (z = 0) within the range −3 mm ≤ z ≤ 3 mm.  At each posi-
ion, a constant number of pulses (N = 3) was applied onto a single
pot. For each new spot we moved the sample for �x  = 150 �m to
adiate a fresh patch of its surface. The images in Figs. 1(a)–(f) rep-
esent typical surface structures at different positions around the
ocal plane, Figs. 1(g)–(i) are magnifications from indicated spot
reas. The double arrow under Fig. 1(g) shows the orientation of
he pulse polarization.

When the surface is significantly out of the focus, at low flu-

nce, only high-spatial frequency LIPSS (HSFL) [24] are generated
ith the orientation parallel to the light polarization and the
eriod significantly below the laser wavelength, as clearly visible
rom Fig. 1(g), which is a magnification of Fig. 1(a). By approach-
Science 387 (2016) 698–706 699

ing the surface to the focus position, the fluence increases and
low-spatial frequency LIPSS (LSFL) with period around the pulse
wavelength and orientation perpendicular to the pulse polarization
[5,6] appears in the center of the processed area, as visible from Figs.
1(b)–(d) and (h). However, if the surface is moved further towards
the focal position, the local fluence of the central part of the beam
exceeds the melting threshold of the material. This melting results
in a blurring of the ripples structures, as is revealed from Figs. 1(e)
and (f). Thus, on the target near the focus position three regions with
different morphology [25], R1–R3, exist [e.g., see Fig. 1(i)]. Region
R3 exhibits HSFL with a period of around 200 nm and orientation
parallel to the laser polarization; region R2 shows LSFL with period
0.97 �m and orientation perpendicular to the polarization, while
region R1 corresponds to the region, where periodic LSFL is already
blurred because of surface melting. It should be noted here, that we
have carefully checked that R1 is not a fictive effect caused by the
crater depth, defocusing the SEM measurements.

The three different regions, observed in Fig. 1, can be explained
by a Gaussian beam profile, as schematically presented in Fig. 2(a).
In this case, the regions R1–R3 appear due to different fluence
thresholds FR1, FR2 and FR3. For a Gaussian spatial profile (diffrac-
tion), the fluence F(z,r) as a function of focus position z and radius
r is given by:

F(z, r) = F0
w2

0

w2(z)
exp

(
−2r2/w2(z)

)
(1)

where F0 is the peak fluence at r = 0 and z = 0, w0 stands for the 1/e2

beam waist at the focus position (at z = 0) and beam radius w(z) as
a function of z depends on the laser wavelength �:

w(z) = w0

√
1 + z2�2

�2w4
0

. (2)

The correlation to the pulse energy is given by the integral over
the profile and does not depend on the z-position:

Epulse = F0
w2

0

w2(z)

∞∫
0

exp
(
−2r2/w2(z)

)
× 2�rdr = 1

2
�F0w2

0 (3)

The local fluence reaches the threshold for a specific process
Fth = �F0 at radius rth. Here, 0 ≤ � ≤ 1 is a dimensionless parameter.
Combining (1) and (2), one can obtain the z-dependence of radius
rth, where the pulse intensity reaches the threshold Fth, as:

rth(z) = w0

√
�(z). (4)

The dimensionless factor �(z) in Eq. (4) is:

�(z) = 1
2

w2(z)

w2
0

ln

(
1
˛

w2
0

w2(z)

)
. (5)

By fitting a circle to the edges of the regions R1-R3 in micro-
graphs like those in Fig. 1, we measured the radii of these regions.
They are presented as triangles (R1), circles (R2) and squares (R3)
in Fig. 2(b). The solid curves in Fig. 2(b) show the fit of Eq. (4) to the
measured threshold radii. As the fitting parameters we obtained the
dimensionless coefficients for regions R1–R3: �1 = 0.28, �2 = 0.42,
and �3 = 0.67. Additionally, the fit gives also the beam waist radius
w0 = 30 �m,  which agrees fairly well with a nearly diffraction lim-
ited beam for our experimental parameters.

The border between regions R3 and R2 are very clear. Therefore,
we obtained an excellent fit of the measured data for R2. Contrarily,
it is difficult to determine the radius of region R1, since the edge

between the molten region and LSFL is not very sharp. This results
in a slight discrepancy between the measured data and the fit in
the case of region R1. On the other hand, the significant deviation
of the measured data from the fit in the case of R3 can be explained
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Fig. 1. SEM micrographs of surface morphology after irradiation by 3 pulses onto a single spot at different positions in front of the focal plane, listed below each image. Here,
z  = 0 corresponds to the focal plane. The black double arrow below (g) shows the polarization of the electric field (E). Three different regions are marked with R3 (HSFL), R2
(LSFL),  and R1 (molten LSFL).
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ig. 2. (a) Different regions R1-R3 can be explained by different threshold fluences w
nd  R1 (triangles) as a function of focal position z. The solid curves show a fit [Eq. (4

y the influence of the used diaphragm. Due to diffraction, only the
entral part of the beam approximates to a Gaussian profile, while
t the edges of the beam, a diffraction pattern results in a deviation
rom the Gaussian distribution (e.g., see also Ref. [26]). Therefore,
e used only the spots created less than 1.5 mm from the focal
osition for fitting the dimensionless coefficient �1.
From the fitted dimensionless coefficients � the fluence thresh-
lds can be calculated by putting the pulse energy Epulse and beam
aist radius w0 into Eq. (3).
 a Gaussian beam profile. (b) Measured radii rth of regions R3 (squares), R2 (circles),
he measured data.

For the laser parameters in our experiments the peak fluence
equals F0 = 2.4 J/cm2 and the ablation threshold fluence is between
0.02 J/cm2 and 0.5 J/cm2 [26–28]. From the fitted dimensionless
coefficients � it can be therefore concluded that the HSFL appear
for fluences 0.7 J/cm2 < FR3 < 1.0 J/cm2, while LSFL are induced for
1.0 J/cm2 < FR2 < 1.6 J/cm2. When local fluence exceeds 1.6 J/cm2 the

ripples become molten, as visible in region R1 in Fig. 1(i).

For all further experiments, we placed the sample 2 mm in front
of the focus, where we obtained the LSFL in an area with diameter
of 30 �m.
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Fig. 3. SEM micrographs of single spots treated with 45◦-polarized (a) and (b) 90◦-polarized secondary pulses. The 2D FFT images are shown on the right-hand side of each
micrograph and k0 = 5.90 �m−1. The double arrows and numbers give the polarizations and pulse numbers (grey:�i , Ni; black:�s, Ns).
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F n [(a) for �.s = 45◦and (b) for �.s = 90◦]. The wave number k0 equals 5.90 �m−1. The second
p tion of the ripples from the harmonic function. (For clarity and facility of inspection, each
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Fig. 5. SEM micrograph of a single spot induced by 6 pulses of polarization at 45◦ ,
ig. 4. The 1D FFT analysis of micrographs from Fig. 3 derived by angular integratio
eaks  at 2.2 k0 that appear in some curves are an artifact of the FFT due to the devia
race  is displayed with a different vertical offset.).

.2. Irradiation of a single spot by multiple pulses with different
olarizations

In a second set of experiments we investigated the evolution of
IPSS formation by multiple pulses (i.e., a train of laser pulses) on

 single spot. Of particular interest, here, was the effect of super-
mposing pulses of different linear polarization. For each spot, the
urface was first treated by Ni pulses of the linear polarization
djusted a parallel to the x-axis of the setup (�i = 0◦). After an ini-
ial action of these pulses, we rotated the HWP  and after several
econds the same spot was irradiated with Ns pulses having the
lectric-field vector rotated by an angle �s. Then, the sample sur-
ace was moved in x direction by �x  = 150 �m to a new position for
he next irradiation.

In the first series of the experiments the electric-field vector for
he secondary treatment was rotated by �s = 45◦ [Fig. 3(a)], while
n the second series we set �s = 90◦ [Fig. 3(b)]. In both series we
sed the following combination of pulses: Ni + Ns = {3 + 0, 3 + 1, 3 + 2,

 + 3, 0 + 3}. The results are presented in the SEM micrographs of
ig. 3. The double arrows on the right-hand-side of each micrograph
how the polarization of pulses. Here, the gray, dashed double
rrows show the polarization of pulses that were used for the initial
reatment of the surface by Ni pulses (the gray numbers), while the
olarization and the number Ns of pulses used for the secondary
urface treatment is shown by the black double arrows and the
lack numbers, separately.

To obtain the surface-pattern period � and the direction of
he ripple pattern we calculated the two-dimensional (2D) fast
ourier transform (FFT) from each SEM micrograph. The region
hat was used for the 2D FFT calculation is marked with the white
ashed rectangles in the first row of Fig. 3. The 2D FFT image is
hown on the right-hand-side of each SEM micrograph. In the scale,
hown on the top, the wave number equals k0 = 2�/�0 = 5.90 �m−1

�0 = 1.064 �m is the wavelength of the excitation pulse). Fig. 4
hows the quantitative analysis of all FFTs. The 1D-results in Fig. 4
ere obtained from the 2D-FFTs by an angle averaging around the

enter. From the main peak that appears at k = 1.1 k0, the LIPSS
eriod is calculated to be � = 0.91�0 = 0.97 �m.

The first–row panels in Fig. 3 show the surface after the ini-
ial treatment (Ni pulses with �i). The ripples appear perpendicular
o the pulse polarization, as visible also from the 2D FFT images.

he second, third and fourth rows in Fig. 3 reveal that additional
rradiation at polarization angle �s starts to change the surface mor-
hology by introducing a new ripples orientation according to the
ew polarization. At only one additional pulse (Ns = 1), already, the
as  shown by the double arrow. The 2D FFT image is shown on the right-hand side
and k0 = 5.90 �m−1.

initial ripples pattern is dramatically deleted. After Ns = Ni, the orig-
inal ripples orientation has completely vanished, and only the new
orientation is observed.

For diagonal secondary polarization [�s = 45◦, Fig. 3(a)], already
the first pulse rotates the ripples almost completely to the new ori-
entation (perpendicular to the new polarization). After the second
pulse, the initial pattern is fully erased. For perpendicular secondary
polarization [�s = 90◦, Fig. 3(b)], the pattern after the first pulse is
very similar to the one previously obtained for circular polarization
[9,29], indicating a synchronous superposition of both orientations.
This is also clearly visible from the corresponding, nearly perfect
circular FFT result. Note here that only the LIPSS orientation is lost
upon the first exposure by the secondary pulses, but its periodicity
stays the same (i.e., � = 0.97 �m). By increasing the number of the
secondary pulses, the spherical symmetry of the peaks distribution
decreases and finally they appear strongly along the vertical axis.

Interestingly, the contrast of the surface morphology appears
much stronger than in the case of the same number of �s-pulses
without preceding �i = 0 irradiation (last row in Fig. 3). In fact, the
contrast of (3 + 3) pulses of different polarization [e.g., the fourth
row in Fig. 3(a)] seems to match that from (0 + 6) pulses of the
same polarization shown in Fig. 5. In order to establish this effect of

increased contrast undoubtedly, we analyzed the modulation pat-
terns of the three spots (3 + 0) and (3 + 3) in Fig. 3(a) and (0 + 6) in
Fig. 5 by AFM. The corresponding profiles along a horizontal trace
across the center of the spots are shown in Fig. 6. As suggested from
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ig. 6. AFM profiles in horizontal direction through the center of the following sing
nduced  by 3 pulses of horizontal polarization and additional 3 pulses having the p
olarization at 45◦ (Fig. 5).

he SEM micrographs, the results clearly confirm that the ripples
ontrast depends only on the total exposure of all pulses. From the
FM scans spots we calculated also the peak-to-peak (PPA) median
f these spots through their whole areas. If 3 pulses of the same
olarization are applied into the same spot, the PPA median equals
7 nm.  The PPA median for the spot, induced by 3 + 3 pulses of two
ifferent polarizations is twice as large and equals 120 nm.  The very
ame result is measured for ripples induced by 6 pulses of the same
olarization. For the particular case, shown in Fig. 5, we measured
he PPA median to be 119 nm.  This comparison reveals that a signif-
cantly clearer pattern is produced on a pre-treated surface, even
y pulses of different polarization. This leads to very interesting
onclusion, that the final orientation of the LIPSS depends on the
olarization of the pulses that finally irradiate the surface, while
he ripples contrast depends on the total exposure (i.e., total energy
nput) by all pulses, independently on their polarization.

.3. Overlapping spots

In a third set of experiments we investigated the LIPSS forma-
ion in longer, “digital” line scans of overlapping individual spots.
or each spot, the surface was initially treated with Ni = 3 horizon-
ally (x) polarized (�i = 0◦) pulses. Then, the laser was switched off
nd the sample was moved by �x  = 15 �m,  i.e., by half of the LSFL
pot diameter along the initial polarization direction. After 15 steps,
esulting in a 0.24-mm-long line scan, the sample was  moved back
o the initial starting position, the laser being switched off during
his movement. After preparing several of such traces, a secondary
urface treatment was performed in the same manner, superim-
osed on the initial traces but with the polarization rotated by
s = 45◦ [Fig. 7(a)] or �s = 90◦ [Fig. 7(b)], applying Ns = {1,2,3} pulses
er spot, each on a fresh initial trace.

Fig. 7 shows SEM micrographs of the line scans. The 2D FFT
mages, embedded in each micrograph, were calculated as an aver-
ge of two FFTs obtained from different areas of the line scan, as
ndicated by the white dashed rectangles in the upper panels. Fig. 8
hows the quantitative analysis of FFT, obtained by an angle aver-
ging of 2D FFT around the center.

The first row in Fig. 7 shows the part of the line scan that was  only
nitially treated with Ni = 3 pulses (with �i = 0◦) per spot. As is visible
rom 2D FFT images, the ripples are oriented nearly perpendicular
o the pulse polarization and the scan direction. The upper traces of
he 1D FFT-analysis in Fig. 8 shows a peak at k = 1.1k0. This means
hat the ripples period equals � = 0.97 �m.  It should be noted here,
hat a second peak appearing at k = ±2.2k0 is an artifact of the FFT

ue to the deviation of the ripples from the harmonic function.

The second row in Fig. 7 presents the micrographs after a sec-
ndary exposure to Ns = 1 per spot. Like for the single-spot results
n Section 3.2, in the case of �s = 90◦, a modified surface structure is
ts: (a) induced by 3 pulses of horizontal polarization [the first row of Fig. 3(a)]; (b)
tion rotated by �s = 45◦ [the fourth row of Fig. 3(a)]; and (c) induced by 6 pulses of

obtained [Fig. 7(b)], similar to irradiation with circular polarization
[9]. The influence of the secondary pulse is much less pronounced,
for a rotation of only �s = 45◦ [Fig. 7(a)], where only a slight rotation
of the pattern (less than 45◦) is observed.

By increasing the number Ns of secondary pulses per spot (third
and fourth rows in Fig. 7), re-orientation and contrast of the ripples
increase with Ns. Interestingly, the ripples are less linear than in
the initial treatment for lines, written only with the polarization at
an angle to the scan direction (lowest row in Fig. 7).

The corresponding FFT-traces in Fig. 8 shows, again, that the
LIPSS period � = 0.97 �m does not change during the secondary
treatment though the orientation follows the new polarization.

4. Discussion

The experiments on both individual spots as well as line scans
give clear evidence that – at least for our target material of cold
work tool steel – the orientation of LIPSS, formed by multiple pulses
of different polarizations, is dominated by the polarization of the
last incident pulses. Here, we  are dealing with temporally well-
separated irradiations, not with double-pulse irradiation with a
separation within or close to any dynamic coherence times [30].
Further, the pre-structures are softly modulated, in contrast to
sharp scratches which are known to override the polarization
dependence of LIPSS orientation [31]. In fact, already one single
pulse of a new, deviating polarization efficiently effaces a previ-
ously generated regular periodic surface modulation. This bears
the potential of very interesting consequences for a better under-
standing of LIPSS formation with very short laser pulses on metal
targets.

In the static lithographic model [17], resonant coupling of the
incident laser light to SPPs on a regularly modulated surface play
a key role [18]. This resonance is slightly red-shifted to the mod-
ulation periodicity for TM polarized light, i.e., the electrical field is
perpendicular to the grooves. The corresponding intensity modu-
lation of a (standing) SPP-wave, then, should amplify the existing
regular surface corrugation [19,20]. This coupling to an SPP is only
possible for a TM wave, i.e. the electric field oscillating perpendic-
ular to the corrugation grooves, because only there a component
of the field may  be parallel to a component of the wave vector.
For TE polarization (electric field parallel to the grooves), there
should be no such resonant coupling, since there is no electric field
component in the propagation direction.

In our experiments, however, we demonstrate that LIPSS forma-
tion is possible on a regularly pre-corrugated surface with TE and

45◦ polarization (secondary irradiation). Against expectation, the
structuring for TE irradiation is very strong without any SPP reso-
nance. For 45◦ polarization SPP coupling might be possible, but with
a resonance red-shifted by a factor of cos45◦ = (1/2)

√
2. Instead, the
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Fig. 7. SEM micrographs of the line scans. The traces were initially prepared by Ni = 3 horizontally polarized pulses per spot. The solid, white double arrows and the second
numbers show the polarization and the Ns number of pulses per spot during the secondary surface treatment [(a) for �s = 45◦and (b) for �s = 90◦]. The 2D FFT is shown as an
inset  in each micrograph and k0 = 5.90 �m−1.
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ig. 8. FFT analysis of micrographs from Fig. 7 for (a) �s = 45◦ and (b) 90◦ , respectiv
FT  due to the deviation of the ripples from the harmonic function. (For clarity and 

ipples preserve their periodicity and are only rotated according to
he new electric field direction. These observations strongly defy
he idea of a paramount key role of SPP resonances for the for-

ation and properties of LIPSS. More likely, the results of [19,20]
ndicate that SPP resonances may  help laser-surface coupling but
re not necessarily essential for LIPSS formation. On the other hand,
he surprising observation that any pre-treatment increases the

odulation efficiency, independent of the relative polarization (cf.
ig. 6), is not in good agreement with purely electromagnetic mod-
ls [32,33], which start from random roughness and then favor
he enhancement of a pre-existing regular corrugation by addi-
ional irradiation. Both features, we observed, strongly require an
mportant, autonomous contribution of the material response to
tructure formation, during relaxation after irradiation. This is in
trong contradiction to the lithographic model [17].

In the dynamic self-organization model [21,22], LIPSS forma-
ion does not depend explicitly on pre-structures which might
e present on the surface. Energy input and structure formation
re essentially decoupled: the energy input only drives the target
urface into a state of thermal non-equilibrium (dynamic melt-
ng). The role of laser polarization comes into the play because
t defines the preferential direction of energy flow after electron
xcitation [11]. LIPSS are then formed by non-linear dynamical
elaxation from this non-equilibrium, with the orientation con-
rolled by the dissipation and the feature size determined by the
evel of non-equilibrium, respectively. In this scenario, both the
ipples re-orientation according to the last laser pulses and the
onservation of the feature size are consistent. Even the obser-
ation of a better ripples contrast and aspect (cf. Fig. 6) after
re-irradiation (independent of polarization) is compatible with
his model. Though here, too, positive feedback can increase the
ffect, just a persistence of the surface instability may  be sufficient
o support the structure formation. As was shown in a previous pub-
ication [34], the memory of a preceding excitation, i.e. residues of
he non-equilibrium state, may  last very long, much longer than
he typical life-time of SPPs.

. Conclusions

We  have presented evidence that for LIPSS formation with
ultiple picosecond pulses on tool steel the last incident pulses

etermine the ripples orientation, even overriding previously

ormed structures. It should be noted, however, that this is not fully
ompatible with the observation that on dielectrics or semicon-
uctors pre-structures like scratches can override the polarization
ependence. This weak role of pre-formed structures makes the

[

e wave number k0 equals 5.90 �m−1. The second peak at 2.2 k0 is an artifact of the
y of inspection, each trace is displayed with a different vertical offset.).

essential role of SPPs in LIPSS formation or other interference sce-
narios at least questionable. Instead, the experiments endorse the
model of self-organized structure formation from a laser-induced
thermal instability (dynamic melting).
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