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with a rigid thin fi lm is heated above its 
glass transition temperature and is sub-
sequently cooled down. [ 4,5 ]  As a result of 
the wrinkling a wavy surface of the viscoe-
lastic layer is obtained ( Figure    1  ) which, 
however, does not lead to a delamination 
from the substrate. In the case of isotropic 
boundary conditions, no preferred orienta-
tion of the wrinkling process is observed 
which, in general, leads to a labyrinth-like 
structure (Figure  1 a) on a larger scale, 
but particular material systems or sample 
treatments can lead to a number of dif-
ferent morphologies. [ 6–8 ]   

 While wrinkles can be of vital use to 
gain access to mechanical properties of 
thin fi lms, [ 9–11 ]  the excess of surface area 

of the wrinkles in comparison to their 2D projection addition-
ally allows for a widespread application in stretchable elec-
tronics [ 12–14 ]  including interconnects [ 15,16 ]  and functional ele-
ments, e.g., temperature [ 17 ]  or magnetic fi eld sensors [ 18–20 ]  and 
even integrated circuits. [ 21 ]  Beyond these applications, aligned 
wrinkles (Figure  1 b,c) are of great relevance for the realization 
of periodic templates, e.g., gratings [ 22 ]  or distributed feedback 
laser components. [ 23 ]  Typically, an alignment of wrinkles is 
achieved either by the induction of directed stress during fab-
rication using fl exible substrates [ 8,9,24 ]  or by the use of topo-
graphic elevations in patterned substrates. [ 5,7,25,26 ]  Whereas 
the latter method results in discontinuities of the wrinkle pat-
tern, the fi rst one necessitates fl exible substrates which can 
be a disadvantage for device integration. Therefore, a method 
is lacking to produce aligned wrinkles over large areas without 
interceptions in the wrinkling periodicity on a rigid support as 
required for integration purposes to apply the full spectrum of 
conventional microelectronic and thin fi lm fabrication tech-
niques. Furthermore, the control of the wrinkling process, i.e., 
the deliberate choice between random and aligned wrinkling, 
would pave the way toward the realization of reconfi gurable 
wrinkling templates and allow for completely new possibilities 
in research and device development.  

  2.     Results 

 Here, we demonstrate a new approach for aligning wrinkles in 
thin viscoelastic polymethylmethacrylate (PMMA) fi lms. The 
approach for aligned wrinkling is based on the fi ne tuning of 
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  1.     Introduction 

 Bottom-up self-organization of nanoscale objects or molecules 
enables the realization of versatile metastructures spreading 
from self-assembling nanoparticles, metal-organic frameworks 
up to DNA-origami. [ 1–3 ]  One prominent example is the so called 
“wrinkling” (or “buckling”) phenomenon, which usually occurs 
when a strained heterostructure of a viscoelastic layer capped 
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the mechanical energy of the material system during the forma-
tion of wrinkles by means of magnetic stray fi elds. Our experi-
ments show that a small impact from magnetostatic interaction 
between two magnetic thin fi lms (energy scale of a few hun-
dred meV nm −2 , see Note S1, Supporting Information) can 
dramatically infl uence the mechanical energy landscape of the 
viscoelastic system (energy scale of about 100 eV nm −2 , [ 27 ]  see 
Note S2, Supporting Information). It turns out that the contri-
bution of an engineered anisotropic 1D periodic magnetic stray 
fi eld pattern is crucial for the alignment of otherwise randomly 
oriented wrinkles, when the periodicity of both the magnetic 
template and the wrinkles is commensurate while heating the 
sample. Since the wrinkling process is mediated by the stray 
fi elds emanating from specifi cally designed magnetic domain 
wall structures of a magnetically stripe patterned substrate, the 
wrinkles are found to align along the magnetic domain walls 
during the nucleation process, which results in a 1D periodic 
template at the large scale (compare Figure  1 d,e and Figure  1 f,g 
showing the morphology of the wrinkles and the underlying 
magnetic domain pattern, respectively). By contrast, random 
wrinkling is observed under identical conditions if periodic 
magnetic stray fi elds are missing or are not commensurable 
with the wrinkle wavelength. 

 To align wrinkles over a macroscopic area, a PMMA layer is 
sandwiched between two ferromagnetic thin fi lms. We engi-
neered a spatially periodic landscape of magnetic stray fi elds 
with stripe structure by modifying the magnetic properties of 
the bottom ferromagnetic layer, consisting of CoFe (6.5 nm) 
exchange-bias (EB) coupled to a 10 nm thick IrMn layer, using 
ion bombardment induced magnetic patterning (IBMP). [ 28–31 ]  

This process does not result in topographic modifi cations of 
the sample surface. [ 28 ]  For the experiments shown here, mag-
netic parallel stripe domains of alternating widths  W  s  = (1.45 ± 
0.05) µm and  W  l  = (2.55 ± 0.05) µm and lengths over several 
millimeters were patterned (Figure  1 f,g). Stripes of alternating 
widths were prepared to differentiate between domains where 
the magnetization is pointing in + x  or − x  direction using mag-
netic force microscopy. 

 As the magnetic moments of neighboring stripes are 
oppositely in-plane oriented toward the long edge of the 
stripes and the domains are separated by Néel type domain 
walls, stray fi elds emanate at the boundaries between neigh-
boring domains. [ 32,33 ]  The thickness of 6.5 nm of the bottom 
ferro magnetic layer was chosen as a compromise between 
maximum stray fi elds (which scale with the layer thickness) 
and a fully shifted magnetic hysteresis loop for the remnant 
artifi cial domains, which is needed to achieve a well-defi ned 
magnetic stray fi eld landscape (see the Experimental Section 
for further details). [ 30,34 ]  A 9 nm thick CoFe layer on top of 
the PMMA is used as upper ferromagnetic fi lm in this study. 
Due to the grainy morphology of the polycrystalline CoFe fi lm 
grown by sputter deposition on top of the PMMA layer, a modi-
fi cation of the thickness of the top ferromagnetic layer does not 
infl uence the resulting mechanical strain before wrinkling for-
mation and, therefore, does not qualitatively change the results 
presented in this work. 

 To initialize wrinkling, the samples were annealed on a hot-
plate, where they were heated up to 150 °C for 1 min (Experi-
mental Section). The strongest impact of the stray fi eld land-
scape produced by the parallel stripe domains on the wrinkling 
is found when the period of the wrinkles is commensurate 
to the width of the magnetic domains ( Figures   1 g and   2  a). 
Random wrinkling is observed if the patterns are not commen-
surate (Figure  2 b) or if there is no pattern at all (Figure  2 c).  

 To correlate the structure of the magnetic pattern with the 
wrinkle wavelength, we relied on the well-established fea-
ture that the thickness of the viscoelastic layer determines 
the period and amplitude of the wrinkles. [ 35 ]  In our case, for a 
(92 ± 3) nm thick PMMA layer, an average peak-to-peak ampli-
tude of 2 A  = (80 ± 15) nm was observed, obtained as the full 
width at half maximum (FWHM) of the height distribution of 
the atomic force microscope (AFM) measurements. The cor-
responding wrinkling wavelength was  W  w  = (1.33 ± 0.10) µm. 
With this wavelength, the best alignment of wrinkles was 
observed as the patterns are very close to commensurability: 
in the case of smaller magnetic domains the ratio of  W  s / W  w  = 
1.1 ≈ 1 is achieved, while for the wider magnetic domains we 
obtain  W  l / W  w  = 1.9 ≈ 2. This is revealed by the analysis of 
atomic and magnetic force microscope (AFM/MFM) images 
which show a fi xed relation in period and phase between the 
wrinkles and the magnetic pattern of the substrate. This rela-
tion leads to the location of a topographic maximum above each 
magnetic domain wall and in the center of each wider magnetic 
domain (compare Figure  1 d,f and Figure  1 e,g). The parallel 
alignment of the wrinkles extends over areas of at least 20 × 
20 µm 2  (Figure  2 a). The topographic maxima of the wrinkles 
are located over the domain walls with a variance of less than 
15% of the wrinkling wavelength as observed for several areas 
on multiple samples.  
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 Figure 1.    Schematic images of the layer system and topography of 
a) a randomly wrinkled fi lm consisting of a rigid substrate, a viscoelastic 
layer, and a thin fi lm cap, where surface deformations, induced by mate-
rial strain, occur. b) A material system for magnetically induced aligned 
wrinkling with intermediate exchange bias layers magnetically patterned 
by light ion bombardment. Magnetostatic interactions from stray fi elds 
with a ferromagnetic capping layer infl uence the wrinkling. c) 3D image 
of the surface of a magnetically aligned wrinkled surface measured by 
AFM. In d) exemplary AFM data with aligned wrinkles are shown, with the 
corresponding averaged horizontal line profi le in e). The corresponding 
MFM signal of the same area, showing the stray fi eld gradient originating 
from Néel type domain walls in the magnetically patterned exchange bias 
system, is depicted in f) with its horizontal line profi le in g). By comparing 
d) with f) or e) with g), the fi xed phase relation between wrinkles and 
magnetic signal becomes obvious.
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  3.     Discussion 

 The in-depth analysis of the topographic AFM data is further 
performed using 2D fast Fourier transformation (2D-FFT). 
The 2D-FFT in Figure  2 a features periodic spots which can be 
tracked back in the real space to the presence of a long range 
order of the wrinkling pattern parallel to the  x -axis with a 
periodicity of 1.33 µm. We attribute the appearance of the 1D 

arrangement of wrinkles, which are aligned with respect to 
the underlying magnetic domain pattern, to the impact of the 
magnetic stray fi elds on the mechanical energy of the system 
during the formation of wrinkles, as will be discussed below. 
Interestingly, in addition to the wrinkles oriented parallel to 
the magnetic domain pattern, comparable areas with wrinkles 
oriented mainly perpendicular to the magnetic fi eld landscape, 
i.e., along the  y -axis are observed. An analysis of the 2D-FFT 
image allows an estimation of the periodicity of this pattern 
which is equal to  W  = 1.72 µm. An explanation for the appear-
ance of the two orthogonally oriented areas of aligned wrinkles 
requires the understanding of the wrinkling process in metal-
capped PMMA layers. 

 For the wrinkling mechanism, the source of the lateral 
stresses between metal and polymer fi lms has to be identi-
fi ed. In the investigated samples, the stress is already induced 
during the deposition of the CoFe top layer. This assumption 
was cross-checked by growing a similar 9 nm thick CoFe fi lm 
onto a smooth elastomeric polydimethylsiloxane (PDMS, Dow 
Corning Sylgard 184 10:1) membrane using identical deposi-
tion parameters. Due to the lower Young’s modulus of PDMS 
compared to PMMA, the top surface of this reference sample 
wrinkles immediately after preparation (Figure S3, Supporting 
Information). The lateral strain in the ferromagnetic CoFe fi lm 
prepared on PMMA is quantifi ed from the AFM data (calcu-
lated from the difference in total surface area to the total area 
scanned) resulting in 0.75% areal compression. However, 
keeping in mind that the Young’s modulus of PMMA at room 
temperature is about 2 GPa, the accumulated stress in the 
metal fi lms is insuffi cient to induce wrinkles while depositing 
the metal fi lm at room temperature. 

 We propose that the wrinkles are formed during the 
annealing of the sample, which has strong impact on the 
mechanical parameters of the polymeric PMMA layer. Indeed, 
while annealing up to 150 °C, the PMMA exceeds the glass tran-
sition temperature (114 °C), [ 36 ]  which can substantially lower 
the Young’s modulus of the polymer. To check this assumption, 
we carried out in situ laser scattering experiments ( Figure    3  a) 
that allow us to follow the transformation of the topography of 
the sample from the practically fl at one to the wrinkled system 
during annealing. The measurement reveals that a strong 
enhancement of the scattering intensity is fi rst detected when 
the sample temperature rises above 90 °C (Figure  3 b). This 
feature is correlated with the formation of wrinkles. The fact 
that the wrinkles occur during heating indicates that there is 
substantial stress already present in the sample, which also 
supports the assumption of deposition induced stress. The 
observed modifi cation of the wrinkle period during heating 
indicates the softening of the PMMA layer. We applied the 
empiric approach of Bowden et al. [ 7 ]  to assess Young’s mod-
ulus of the PMMA at different temperatures by monitoring 
the wrinkle period: in the case of  W  w  = 0.9 µm (at  T  = 95 °C) 
a Young’s modulus of 14.4 MPa is estimated. An increase of 
the wrinkling period to 2.1 µm (at  T  = 160 °C) results in the 
Young’s modulus of 1.1 MPa, which is a typical value for a soft 
elastomer, e.g., PDMS. [ 18 ]  Please note that the theory [ 7 ]  is per-
fectly applicable in this case as there is a tight binding between 
metal and polymer. The latter is evidenced by cross-sectional 
analysis of the sample morphology (Figure  2 d) imaged using 
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 Figure 2.    AFM data from wrinkled surfaces under different scenarios. The 
insets show the corresponding FFT of the surface data. a) Wrinkling on 
top of a magnetically patterned EB system under commensurate condi-
tions. The magnetic domain walls are oriented vertically. Areas of wrin-
kles aligned to the domain walls are visible intermitted from areas with 
perpendicular orientation. This is also indicated in the FFT, which shows 
slightly different wavelengths for parallel and perpendicularly aligned 
wrinkles. In addition, equidistant horizontal spots in the FFT indicate the 
highly periodic structure of the surface. In b) and c) randomly oriented 
wrinkles on top of EB systems are shown where a noncommensurate 
magnetic pattern and, respectively, no pattern at all has been applied. The 
circular FFT data reveal the arbitrary orientation of the wrinkles. d) SEM 
cross-section image of the wrinkled layer system fabricated by focused 
ion beam etching. Individual layers are well separated and the thickness 
variation of the PMMA layer is clearly visible. The fl uctuating intensity of 
the topmost CoFe layer originates from its grain structure.
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scanning electron microscopy (SEM). The cross-section was 
prepared using focused ion beam (FIB) etching.  

 While the sample is cooling down to room temperature, the 
period shrinks again and fi nally reaches the experimentally 
observed value of about 1.33 µm. At this point, the PMMA 
restores its hardness (2 GPa) revealing the aligned wrinkles, 
which are frozen in the PMMA. 

 There are two possible models that have to be considered 
when the alignment of wrinkles in the initially in-plane iso-
tropic system could take place. The fi rst one assumes that the 
wrinkle alignment takes place already at the nucleation point of 
 T  = 90 °C. This spontaneous alignment could be initiated by the 
anisotropic relaxation of the isotropic mechanical stress in the 
system, which is dictated by the anisotropic contribution from 
the magnetic interaction. In this model, the wrinkles are aligned 
from the very beginning of their appearance and only the perio-
dicity but not the symmetry of this so formed anisotropic wrin-
kling pattern is affected by the further annealing treatment. For 
this mechanism, the magnetic energy landscape should have 
peculiarities (e.g., extrema) of the stray fi eld gradient resulting 
in the force to the top CoFe fi lm at the locations covering the 
range of  x -coordinates from 0.9 to 2.1 µm. This requires that 
extrema of the energy landscape should be rather broad. 

 The second model assumes that the isotropic wrinkling pat-
tern nucleates with the period of 0.9 µm at  T  = 90 °C. During 
further annealing, when the period reaches about 1.3 µm (at 
 T  = 110 °C), alignment of wrinkles takes place, because the pat-
tern is commensurate to the underlying magnetic template at 

this point. In this case, the magnetic energy landscape should 
have rather narrow extrema clearly defi ning the bending points 
at the surface of the top CoFe layer at the locations of the mag-
netic domain walls and in between the broad domain (three 
periods of the topographic pattern correspond to one period of 
the magnetic template). The magnetic stray fi eld profi le has to 
be considered in order to assess which of these two models is 
valid for our system. 

 Spatially resolved micro-Hall measurements between 750 
and 2650 nm above the substrate surface were extrapolated to 
assess the out-of-plane component of the magnetic fi eld of  H  z  ≈ 
2.5 kA m −1  at a distance of about 100 nm above the sample. [ 33 ]  
This value was used to calibrate the amplitude of the numerical 
simulations, which assume an arctan transition of the magneti-
zation vector between adjacent magnetic domains. The magnetic 
stray fi elds can be than calculated by using an analytical expres-
sion. [ 33 ]  These calculations show the decay of the magnetic stray 
fi elds in  x - and  z -directions emerging from the domain walls of 
the patterned substrate as depicted in  Figure    4  d. It is obvious 
that these stray fi elds are much smaller than the saturation 
fi eld in the out-of-plane direction (≈200 kA m −1 ,  Figure    5  d) of 
the upper CoFe layer and are therefore not suffi cient to tilt the 
in-plane magnetization of the top CoFe fi lm, even at locations 
directly above the Néel domain walls. Keeping in mind that, in 
the case of the stripe domain pattern with a Néel type domain 
wall structure, the  y -component of the magnetic fi eld is constant 
and independent of the coordinate, the only relevant component 
of the magnetic stray fi eld is  H  x . The performed numerical cal-
culations allow us to assess the variation of  H  x  along the  x -axis as 
shown in Figure  4 d. [ 32,33 ]  As expected,  H  x  exhibits a zero-crossing 
directly above each domain wall and increases heavily near to it. 
The highest value of  H  x  is achieved at around 250 nm from the 
domain wall. In the center of each domain the absolute value of 
the stray fi eld component exhibits a local minimum. From this 
data the gradient of  H  x  along the  x -axis can be derived which 
exhibits three minima and three maxima of different amplitudes 
along one period of the magnetic pattern (Figure  4 c). These cor-
relate in number to the topographic extrema of the wrinkles 
(Figure  4 b). The minima and maxima in the stray fi eld gradient 
do not share the exact same location as those of the wrinkles, as 
the extrema of the stray fi eld gradient are not equally distributed 
(Figure  4 c). An exact replication by the wrinkles would be ener-
getically unfavorable in terms of the bending energy of the cap-
ping layer and therefore does not take place. In contrast, wrinkle 
extrema are located directly above each domain wall while there 
is a single wrinkle period over each small magnetic domain and 
two periods above each wider magnetic domain (Figure  4 a,b). As 
stated above, this asymmetry in the wrinkle pattern with respect 
to the magnetic stray fi elds originates from the pattern of mag-
netic domains with unequal widths.   

 From the strength of the magnetic fi eld gradient, ∂ H  x /∂ x  = 
1000 kA m −2 , and the saturation magnetization ( M  S  = 
1800 kA m −1 ) [ 32 ]  of the CoFe alloy, the in-plane force per unit 
area of about 20 mN m −2  is estimated (see Note S1, Supporting 
Information). This force acts on the top CoFe layer along the 
 x -axis trying to deform the magnetic layer predominantly at 
the locations of the extrema of the stray fi eld gradient and is 
the magnetic energy contribution to the mechanical energy of 
the system consisting of the inherent strain and the bending 
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 Figure 3.    a) Set-up for in situ surface light scattering experiments and b) 
the gathered data. The scattered light intensity on the CCD line sensor is 
directly correlated to the wrinkle period. The initial detection of wrinkles 
while heating with a constant rate was possible after about 2 min at a 
nominal temperature of 90 °C and continuously increased toward a fi nal 
wavelength of about 2.1 µm at 160 °C.
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energy of layer deformation. Taking into account the rather 
narrow full width at half maximum of these peaks of about 
250–600 nm, we conclude that the alignment of the initially 
randomly oriented wrinkles takes place when the commensu-
rability of the period of the magnetic pattern and the wrinkled 
topography is achieved during the heating of the sample. 

 Based on this conclusion, we can readily explain the appear-
ance of the two orthogonally oriented areas of aligned wrinkles 
(Figure  2 a). When the transformation of the isotropic wrinkle 

pattern into the anisotropic one takes place, where wrinkles are 
aligned parallel to the magnetic domain walls, the strain in the 
isotropic system relaxes specifi cally anisotropic in the direction 
of the wrinkle wave vector. [ 7 ]  The surrounding area must com-
pensate for the not yet relaxed strain component in direction 
of the wrinkles, resulting in the wrinkles oriented essentially 
perpendicular to the underlying magnetic pattern.  

  4.     Conclusion 

 We demonstrate the possibility to infl uence the morphology 
of self-organized wrinkling patterns in heterostructures con-
sisting of a viscoelastic PMMA layer and a stiff magnetic layer 
by exposing it to periodic magnetic stray fi elds of artifi cially 
designed magnetic domains. Emerging stray fi elds from the 
parallel-stripe magnetic domain pattern of the substrate modify 
the wrinkling such that parallel wrinkles are formed, when the 
periodicity of the magnetic domain pattern is commensurate. 
In contrast, reference samples show random wrinkling, if no 
commensurate magnetic domain pattern is present. 

 The possibility to stabilize two distinct types of wrinkling 
patterns, namely, random and aligned, in the same mate-
rial system opens up the possibility to develop a mechanically 
reconfi gurable system: in the presented magnetically pat-
terned layer system, aligned wrinkling will take place when 
commensurability to the underlying magnetic domain pattern 
is achieved. But if an in-plane magnetic fi eld, strong enough 
to saturate the magnetic pattern, is applied during thermal 
annealing, the stray fi eld infl uencing the wrinkling process 
will vanish leading to random wrinkling. As the wavelength 
and amplitude of the resulting surface structure can easily 
be adapted, i.e., by the lithography process in the case of the 
magnetic patterning and by the layer thickness in case of the 
wrinkle wavelength, a fl exible and versatile platform for recon-
fi gurable structures between random and aligned wrinkling is 
in prospect. The possibility to reconfi gure the wrinkling pattern 
from being random to aligned by using external stimuli, e.g., 
magnetic fi elds, enables promising possibilities for stretchable 
electronics, such as magnetic fi eld sensors [ 37,38 ]  and tunable 
gratings for optoelectronics and photonics. [ 39 ]   

  5.     Experimental Section 
 For the fabrication of the artifi cial magnetic fi eld landscapes with parallel 
stripes, naturally oxidized silicon substrates were covered with an EB 
layer system (Cu 50 nm /Ir 17 Mn 83  10 nm /Co 70 Fe 30  6.5 nm /Ta 10 nm ) deposited by 
radio frequency (RF) sputtering. The unidirectional anisotropy between 
the ferromagnetic and antiferromagnetic layer was initialized by fi eld 
cooling at 300 °C in an in-plane external magnetic fi eld of  H  FC  = 70 kA 
m −1 . The samples were characterized by vibrating sample magnetometry 
(VSM), showing a hysteresis loop with an exchange bias fi eld of  H  EB  = 
(−21.4 ± 0.2) kA m −1  and a coercive fi eld of  H  C  = (4.6 ± 0.2) kA m −1  
(Figure  5 a). These EB layer systems were magnetically patterned 
into parallel stripes with head-to-head and tail-to-tail magnetization 
orientations in adjacent domains with the magnetization vectors being 
oriented perpendicular to the domain walls by IBMP. [ 28–30 ]  For this 
procedure photoresist masks of covered and uncovered stripes with 
a thickness of 750 nm were fabricated by UV-photolithography, where 
the stripes’ long axes were aligned perpendicularly to the direction of 
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 Figure 4.    Interaction of magnetic stray fi elds and the topographic modu-
lation due to wrinkling. In a) a schematic overview about the layer struc-
ture with the magnetic domains (red and green sections, magnetization 
directions are indicated by white arrows), the emerging stray fi elds (black 
arrows), and the wrinkling pattern is displayed as a cross-section. The 
following images give a detailed and separate look on those aspects with 
the fi xed phase relation observed in our experiments. Panel b) depicts 
the idealized topographic modulation of the wrinkles with an arbitrary 
amplitude, c) is the gradient 100 nm above the surface of the ferromag-
netic layer in the exchange bias system of the in-plane component  H  x  
of the magnetic stray fi eld which interacts with the ferromagnetic cap. 
d) The gradient is derived from the stray fi elds, which are calculated by 
numerical simulations and scaled to experimental data from micro-Hall 
measurements. c) The gradient exhibits three minima and three maxima 
per period of magnetic patterning which lead to additional strain in the 
ferromagnetic capping layer evoking the topographic deformation. For 
all graphs the lateral scale is identical and the dashed line at  x  = 2.55 µm 
together with the boundaries of the graph allow a correlation of the lat-
eral position of the magnetic domain pattern, the emerging stray fi elds, 
and the topographic modulation of the wrinkles as described in the main 
text. The depicted lateral dimension of 4 µm represents a single period 
of magnetic domain pattern.
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the unidirectional magnetic anisotropy. Samples with stripe widths of 
about  W  ≈ 2, 5, and 10 µm were fabricated. The deposited fi lm systems 
with resist masks were then bombarded with 10 keV He +  ions from 
a home-built plasma ion source [ 40 ]  with a fl uency of 2 × 10 15  cm −2  in 
an external magnetic fi eld of  H  IB  = 80 kA m −1  oriented antiparallel to 
the direction of the initialized unidirectional magnetic anisotropy. [ 31,41 ]  
After ion bombardment, the resist has been removed by an aqueous 
solution of potassium hydroxide (3%) and subsequently by pure 
acetone using an ultrasonic bath. After resist removal, the samples were 
again characterized by VSM, showing the bipartite hysteresis loop of 
Figure  5 b, corresponding to the two oppositely exchange biased artifi cial 
domains. The two EB and coercive fi elds of the two hysteresis loop parts 
were  H  EB,1  = (−19.3 ± 0.6) kA m −1 ,  H  C,1  = (5.3 ± 0.3) kA m −1 ,  H  EB,2  = 
(25.1 ± 0.5) kA m −1 ,  H  C,2  = (3.0 ± 0.2) kA m −1 . Additional measurements 
by AFM/MFM were performed showing parallel stripe domains 
with antiparallel magnetizations perpendicular to the long stripe 
axis in adjacent domains. The magnetization confi guration in these 
artifi cial domains induces charged domain walls with maximum 
stray fi eld emission over the walls, generating a periodic magnetic 
stray fi eld landscape. [ 32 ]  In the next step of preparation, a thin fi lm of 
polymethylmethacrylate (Sigma-Aldrich Co.,  M  W  = 120 000 g mol −1 , 
 T  g  = 114 °C) [ 36 ]  was deposited on top of the Ta layer by spin coating at 
4000 rpm (64 s, including linear acceleration and deceleration for 2 s 
each) of a solution with 3-pentanone ( c  = 25 mg mL −1 ). The resulting 
layer thickness was determined by variable angle ellipsometry to 
be in the range of 90–95 nm for individual samples. The last step of 
sample fabrication was the deposition of the ferromagnetic capping 
layer (Co 70 Fe 30 ) with a thickness of 9 nm by RF-sputter deposition. 
The thickness of this CoFe layer has been chosen to display strong 
easy-plane anisotropy. A further VSM characterization of the complete 
layer system prior to heating (Figure  5 c) showed three loops, the outer 

ones corresponding to the patterned EB system and the inner loop 
corresponding to the ferromagnetic capping layer. The determined EB- 
and coercive fi elds were  H  EB,1  = (−20.2 ± 0.7) kA m −1 ,  H  C,1  = (5.3 ± 0.4) 
kA m −1 ,  H  EB,2  = (26.7 ± 0.3) kA m −1 ,  H  C,2  = (3.2 ± 0.2) kA m −1 ,  H  C,3  = 
(2.2 ± 0.2) kA m −1 . EB and coercive fi elds of the patterned EB layer 
system have almost not changed during the procedure. 

 To initialize wrinkling, the samples were annealed on a hotplate 
where they were heated to 150 °C from room temperature at a rate of 
32.5 °C min −1 . After 1 min at 150 °C the samples were cooled down to 
room temperature quickly by removing them from the hotplate. The 
wrinkling occurred during the heating step and was visible by the bare 
eye (also Figure  3 b). The mechanical properties of the PMMA and CoFe 
layer lead to the conclusion that wrinkling was driven by a compressive 
stress on the cap layer. [ 42 ]  The annealing temperature has been chosen 
to be below the blocking temperature of the EB layer system. The 
resulting wrinkling patterns were characterized by AFM using a 2D 
autocorrelation function for the determination of the wavelength of 
wrinkling with a typical uncertainty of about Δ W  w  = 100 nm.  
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 Figure 5.    Hysteresis loops of the EB system after different steps of preparation, measured via vibrating sample magnetometry at room temperature: 
a) after fi eld-cooling in order to initialize the exchange coupling, b) after ion bombardment induced magnetic patterning leading to two different types 
of magnetic domains with opposite in-plane magnetization, and c) after the deposition of the additional cap on top of the PMMA with the character-
istics of an uncoupled ferromagnetic fi lm. Panel d) shows the out-of-plane hysteresis of a single 9 nm CoFe fi lm fabricated by sputter deposition. The 
characteristic values of coercive and EB fi eld for the (partial) hysteresis loops are indicated in a), b), and c), numbers are listed within the main text.
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