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Thin-fi lm technology is widely implemented in numerous 
applications1. Although fl at substrates are commonly used, 
we report on the advantages of using curved surfaces as a 

substrate. Th e curvature induces a lateral fi lm-thickness variation 
that allows alteration of the properties of the deposited material2,3. 
Based on this concept, a variety of implementations in materials 
science can be expected. As an example, a topographic pattern 
formed of spherical nanoparticles4,5 is combined with magnetic 
multilayer fi lm deposition. Here we show that this combination 
leads to a new class of magnetic material with a unique combination 
of remarkable properties: Th e so-formed nanostructures are 
monodisperse, magnetically isolated, single-domain, and reveal 
a uniform magnetic anisotropy with an unexpected switching 
behaviour induced by their spherical shape. Furthermore, changing 
the deposition angle with respect to the particle ensemble allows 
tailoring of the orientation of the magnetic anisotropy, which 
results in tilted nanostructure material.

In modern magnetic recording materials, the ‘superparamagnetic 
effect’ has become increasingly important as new magnetic hard-
disk-drive products are designed for higher storage densities. This 
phenomenon is based on the fact that the thermal stability of the 
magnetization orientation of magnetically decoupled grains of the 
recording material scales with magnetic anisotropy strength and 
grain volume6,7. Thus, the magnetization of the grains may become 
unstable due to thermally activated fl uctuations as the grains become 
smaller. One approach to delay superparamagnetism is to compensate 
the decrease in grain size by increasing the magnetic anisotropy. In 
this regard, nanoparticle media6,8, where two-dimensional arrays 
of monodisperse nanoparticles with high magnetic anisotropy are 
used, is assumed to be the ideal future magnetic recording material. 
However, key requirements like control of the magnetic anisotropy 
orientation along with magnetic domain isolation have not been 
achieved so far. Here we present an approach that leads to the 
required properties by combining a nanoscale topographic pattern 
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Figure 1 Magnetic images of self-assembled particle arrays after Co/Pd fi lm 
deposition. a, Schematic picture of the fi lm deposited onto nanospheres. MFM 
images are presented for arrays with a particle size of b, 310 nm, c, 110 nm, and d, 
50 nm. The images were taken after demagnetizing the samples.
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with magnetic multilayer fi lm deposition.
For this purpose, densely packed two-dimensional arrays of 

monodisperse spherical polystyrene particles in the size range from 
50 to 310 nm are formed by self-assembling upon slow evaporation 
of a solvent under ambient conditions. Such particle monolayers 
are typically used as a two-dimensional deposition mask for 
nanostructure fabrication followed by mask removal4,5. However, 
in our studies the monolayer itself acts as a topographic pattern as 
illustrated in Fig. 1a. The magnetic fi lm deposition was carried out 
in a molecular beam epitaxy chamber operating at a base pressure 
of 2 × 10–10 mbar. Co/Pd multilayer fi lms were deposited at room 
temperature on the prepared particle monolayer by evaporation 
of Co and Pd from two electron-beam sources. In our studies, a 
multilayer consisting of a [Co(0.3 nm)/Pd(0.8 nm)]8 stack deposited 
on a 3-nm-thick Pd seed layer was used for the samples and covered 
by an additional 0.8-nm-thick Pd layer to prevent oxidation. For 
this stacking it is known that strong magnetic anisotropy pointing 
perpendicular to the surface can be obtained9,10. By fi lm deposition 
on the particle monolayer, two different arrays of magnetic 
nanostructures are formed. First, the densely packed particle 
monolayer acts as a deposition mask leading to isolated magnetic 
nanostructures deposited directly on the glass substrate. Second, the 
tops of each spherical particle are covered by the deposited magnetic 
multilayer fi lm forming spherically shaped nanostructures referred 
to as magnetic caps in the following paragraphs.

The samples were imaged by magnetic force microscopy 
(MFM).[Author: Please give make and model of equipment used.] 
Owing to the large distance towards the substrate, only the magnetic 
caps give rise to a contribution in the MFM signal. Figure 1 shows 
magnetic images of arrays with particle sizes of (b) 310 nm, (c) 
110 nm, and (d) 50 nm. A uniform white or dark contrast is seen 
on each particle, which suggests that the nanostructures are in an 
isolated magnetic single-domain state with the magnetization 
pointing perpendicular to the substrate surface. Serpentine-like 
magnetic domain patterns were observed on all images following 
clearly the topographic pattern corresponding to the minimum of 
the magnetostatic energy for a hexagonal lattice of exchange isolated 
particles with perpendicular magnetic anisotropy. The mechanism 

of magnetic isolation of the caps is related to two effects. First, 
each spherical particle has only six small contact areas between 
neighbouring spheres that can transfer limited exchange interaction 
between the magnetic caps. Second, the curvature of the surface 
plays an important role for the deposited fi lm thickness. Assuming 
an evaporation direction perpendicular to the substrate plane, the 
spherical surface of the particle will lead to a reduction in Co and Pd 
thickness along the surface, which in turn suppresses ferromagnetism 
in the Pd/Co system towards the contact area between neighbouring 
particles. This mechanism of domain isolation is very effective for 
an extremely thin Co thickness for instance of only one atomic 
monolayer and should hold for even smaller particle sizes in the 
10-nm range.

The MFM studies were supplemented by magneto-optical Kerr 
effect (MOKE) measurements using a focused laser beam with a spot 
size of about 40  μm and superconductive quantum interference 
device (SQUID) magnetometry.[Author: Please give make and 
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Figure 2 Polar MOKE hysteresis loops. Data obtained after Co/Pd fi lm deposition 
on different particle arrays with particle diameters from 50 nm to 310 nm, and for 
comparison on a plain glass substrate.
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Figure 3 Switching fi eld (HS) as a function of the angle (θ) of the applied fi eld 
(Happl).[Author: OK?] a, Schematic of a magnetic fi lm deposited on a nanosphere 
showing the anisotropy distribution indicated by arrows. b, Switching fi eld as a 
function of applied fi eld angle for an array with 50-nm particles (black dots). The 
angular dependence based on the Stoner–Wohlfarth (SW) model is shown as a blue 
line for comparison. c, The average anisotropy axis can be tuned to the required 
angle by changing the deposition direction.
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model of equipment used.] Figure 2 shows polar MOKE hysteresis 
loops obtained after Co/Pd fi lm deposition on different particle 
arrays and, for comparison, on a plain glass substrate. In this polar 
geometry an external magnetic fi eld perpendicular to the substrate 
surface is applied while measuring the magnetization component 
(given by the Kerr rotation) along this direction. Note that the 
recorded MOKE signal of the particle arrays is only stemming 
from the magnetic island caps as confi rmed by MFM and SQUID. 
The full fi lm reveals perpendicular magnetic anisotropy 
(Ku = 0.4 MJ m–3) [Author: Please defi ne Ku] with a small coercivity 
of 30 mT, and a narrow reverse-fi eld distribution. In contrast, for 
the spherical nanostructures, the coercivity as well as the width of 
the reverse-fi eld distribution increases with decreasing particle size. 
This behaviour is similar to results reported on arrays fabricated 
by electron-beam lithography, and is a result of a more coherent 
rotational switching process11,12. However, a perpendicular magnetic 
anisotropy is still present and drops only by a factor of 1.5. In addition, 
some of the M–H[Author: Please defi ne M and H (magnetization–
fi eld?)] loops show an additional sharp reversal at about 30 mT, 
which is due to areas without particles revealing full fi lm properties. 
The anomalous Kerr signal obtained in the fi eld range between 30 
and 40 mT for the 110-nm particle array is due to an interference 
phenomenon13 between the magneto-optical responds and the 
topographic pattern, and not related to the magnetization, as verifi ed 
by SQUID.

Another remarkable feature is the magnetic anisotropy present 
in the spherically shaped caps. Perpendicular magnetic anisotropy 
observed in Co/Pd multilayer fi lms is mainly given by the interface 
anisotropy between Co and Pd layers, which points perpendicular 
to the interface layer9,10. Therefore, fi lm deposition on a spherical 
surface2 will in general result in a spread of the anisotropy axis 
across the surface with the average anisotropy axis pointing along 
the deposition direction. However, not only will the angle of the 
anisotropy axis gradually change across the surface, but also its 
strength will vary according to the layer thickness9,10 as depicted in 
Fig. 3a. These variations will have a drastic impact on the switching 
mechanism. Studies on the angular dependent switching behaviour 
were performed by remanent hysteresis loops for an array of 50-nm 
particles. In these measurements the sample is fi rst saturated and 
then a magnetic reverse fi eld is applied. The so called switching fi eld 
Hs is the fi eld that is required to reverse the magnetization direction 
of half of the nanostructures in the array, and is plotted as a function 
of applied fi eld angle θ between the magnetic fi eld and the average 
anisotropy axis. Whereas magnetic single-domain nanostructures 
with uniaxial magnetic anisotropy follow a Stoner–Wohlfarth 
switching behaviour14, the magnetic caps reverse in a rather unusual 
way as shown in Fig. 3b. Here, a rapid decrease of the switching 
fi eld is found with increasing fi eld angle up to an angle of about 
45° and between 45° and 80° it remains almost unchanged. Thus, 
the sensitivity of the switching fi eld to θ and the switching fi eld 
itself is at its minimum over a large range of angle. This remarkable 
behaviour is mainly given by the presence of different angle 
confi gurations between anisotropy axis and applied fi eld across the 
caps, as confi rmed by micromagnetic simulations15, which will be 
presented in detail in a forthcoming publication.

In order to use the advantages of the angle-dependent switching 
process, uniform fi elds with a tilt of more than 45° are required. 
However, the design of a head capable of generating a uniform and 
tilted fi eld is challenging. In contrast, use of tilted media16,17 is a 
possible way to solve the above problem. By adjusting the average 
anisotropy direction in the tilted media, θ can be tuned to the points 
where the sensitivity of the switching fi eld is near to its minimum. 
Moreover, as the switching fi eld is also near to its absolute minimum 
at these points, thermally stable high Ku materials are writable. 
Here in the presented medium, θ can be tuned to the required 

angle by changing the deposition direction as illustrated in Fig. 3c. 
To demonstrate its feasibility, a deposition angle of about 45° with 
respect to the surface normal of the substrate was used on an array 
with a particle size of 270 nm. Thus, an average anisotropy axis 
tilted by 45° with respect to the surface normal is expected. M–H 
loops were measured at different applied fi eld angles to determine 
the magnetization and therefore the easy axis direction. A square 
hysteresis loop was found under an angle θ = 0°, which clearly 
confi rms an easy axis direction, whereas at θ = 45° an off-axis loop 
was obtained as shown in Fig. 4.

The presented concept leads to a realization of tilted 
nanostructure media, which offer new advances in achieving 
higher densities following ‘Moore’s Law’ in future storage devices. 
Moreover, a variety of further implementations of curved surfaces 
in materials science can be expected. Any material with strongly 
thickness-dependent properties, for instance superconductors or 
optical materials, is a potential candidate.
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Figure 4 MOKE hysteresis loops. Data taken under different fi eld angles for 
an array of particles with a diameter of 270 nm where the deposition angle was 
tilted by 45° with respect to the substrate normal resulting in a tilt of the average 
anisotropy axis by 45°. Note that θ = 0° indicates that the applied magnetic fi eld 
and the average anisotropy axis are pointing in the same direction, however, both 
are tilted by 45° with respect to the substrate normal.
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