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Abstract: Novel properties originating from the combination of magnetism with the reduced dimensionality of 

nanoobjects are of considerable interest for fundamental science but are also readily used in a wide range of technological 

applications. To fulfill the demand for larger capacities of storage systems, complex magnetic heterostructures of a 

nanometer size are envisioned as future magnetic storage media. Here we review recent advances on a novel gradient 

nanomaterial fabricated by deposition of magnetic thin films onto self-assembled arrays of nonmagnetic spherical 

particles, resulting in arrays of magnetic caps. Due to the curvature of the particle’s surface, magnetic and structural 

properties of the magnetic thin films differ substantially from their planar counterparts with respect to the equilibrium 

magnetic domain pattern as well as magnetization reversal behavior. It will be shown that varying the size of the particles 

as well as the thickness of the deposited layers, the magnetostatic and exchange coupling between the neighboring caps 

can be systematically modified, providing direct access to the change of fundamental magnetic interactions at the 

nanoscale. Furthermore, these magnetic cap structures were employed to realize so called bit patterned magnetic media, 

which is one of the most promising concepts in magnetic data storage to provide areal densities beyond 1 Tbit/inch
2
. In 

this respect, important aspects regarding the potential application of the magnetic cap structures in magnetic data storage 

will be addressed. 
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1. INTRODUCTION 

 The physical as well as chemical properties of nanoscale 
objects differ substantially from their bulk counterparts, thus 
resulting in a variety of applications in the field of catalyst, 
sensorics, magnetic recording, biology, and medicine [1-7]. 
The most prominent examples are the tremendous increase in 
areal density of magnetic recording [8, 9], creation of high 
efficiency hybrid solar cells [2, 10], and sensoric applications 
for pathogen detection [4, 11], to name a few. This remarkable 
success is mainly due to specific novel optical and 
electromagnetic properties that nanostructures exhibit as well 
as their adoptability to the needs of applications. In this 
respect, novel properties of magnetic nanostructures can 
arise for a number of reasons, such as confinement of the 
magnetic material into two- or one-dimensional structures 
and close proximity with other materials in layered or 
nanocomposite architectures. 

 One of the driving forces for the development of 
innovative magnetic materials is the magnetic recording 
industry. In conventional hard disk drives (HDDs) an 
individual bit consists of weakly magnetically coupled 
CoCrPt grains [12]. To further increase the areal storage 
density (number of bits per unit area) a reduction of the 
dimensions of the grains is required. However, this reduction 
has a lower boundary, as with reduction of the grain size, the  
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magnetic anisotropy energy KU V (KU being the magnetic 
anisotropy constant and V being the volume of a grain) will 
come closer to the thermal activation energy. Thus, the 
recording media reaches the superparamagnetic limit and 
becomes thermally instable [13]. Estimates show that the 
present perpendicular recording concept based on granular 
CoCrPt-oxide media will face the fundamental superpara-
magnetic limitation at areal densities of about 1 Tbit/inch

2
 

(current products have areal density of about 650 Gbit/inch
2
). 

Therefore, in order to keep the same growth rate, novel 
recording concepts are required. In this respect, the most 
promising is to use lithographically defined media, namely 
bit patterned media (BPM), which is expected to extend the 
storage density beyond 1 Tbit/inch

2
 [14, 15]. In the BPM 

concept, an individual bit will be stored in a single magnetic 
nanostructure. Candidates for a recording layer in BPM are 
films with strong out-of-plane magnetic anisotropy, i.e. 
[Co/Pt(Pd)]N multilayers [15] as well as hard magnetic FePt 
alloys [9, 16, 17]. For the latter, uniaxial magnetic anisotropy of 
chemically L10 ordered FePt alloys with equiatomic 
composition is found to be about 70 10

6
 erg/cm

3
 [18]. This 

allows satisfying the criteria of thermal stability for magnetic 
nanostructures with sizes down to about 3 nm, resulting in an 
enormous storage density of about 50 Tbit/inch

2
 [19]. In this 

respect, considerable efforts have been dedicated to fabricate 
ordered arrays of magnetic nanostructures using various 
lithography techniques (Fig. 1a) [20-23] including 
nanoimprint approaches [24, 25]. However, most of these 
methods may not be suitable for large-scale device 
fabrication because they are multistep, expensive, and 
involve time-consuming procedures. Other ways to produce 
patterned templates are self-assembly techniques such as 
anodisation [26], electro-assisted deposition [27], 
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evaporation-induced self-assembly associated to liquid 
deposition [28-32], phase separation in block copolymers 
(Fig. 1b) [33, 34], surface instability induced by ion bomb-
ardment [35], or self-assembled magnetic particles (Fig. 1c) 
[7, 36]. 

 An alternative method, which combines self-assembly of 
nonmagnetic spherical nanoparticles with defined magnetic 
properties provided by a magnetic film deposited onto the 
particles, was recently introduced [37]. This route provides 
an elegant way to create magnetic nanostructure arrays (cap 
arrays) with strong PMA as required for high thermal 
stability [38-44]. In these systems, the fundamental magnetic 
interactions (exchange and magnetostatic) can be easily 
tuned by varying the particle diameter as well as the material 
properties of the deposited magnetic films. For instance, 
changing the size of the particles allows studies of the 
scaling dependence of the integral magnetic properties like 
coercive field and switching field distribution. 

 In the following we summarize recent results on the 
magnetic behavior of magnetic thin films grown onto 
assemblies of nonmagnetic spherical particles of various 
sizes. Due to the curvature of the particle’s surface, the 
structural and magnetic properties of the individual magnetic 
caps as well as their arrays are modified with respect to their 
planar counterparts and thus magnetic cap structures on 
particles reveal a peculiar magnetization reversal behavior. 
Furthermore, important aspects regarding the potential 

application of the considered system in magnetic data 
storage will be addressed. 

2. FABRICATION OF SELF-ASSEMBLED ARRAYS 
OF NONMAGNETIC SPHERICAL PARTICLES 

 Preparation of nonmagnetic particle monolayers of 
various diameters ranging from 10 up to 900 nm was carried 
out following a routine initially proposed by Micheletto et al. 
[45]. In this case, a droplet of a particle/water solution is 
deposited onto a cleaned thermally oxidized Si(100) wafer. 
The cleaning involves ultrasonication in acetone, ethanol and 
purified water followed by treatment in oxygen plasma for 4 
min. The evaporation process of the droplet takes place in a 
small and tilted box (Fig. 2a), leading to the growth of the 
particle monolayers. By varying particle concentration in the 
colloid solution, the tilting angle and the size of the droplet, 
a sufficient coverage of the substrate with particle 
monolayers is possible (Fig. 2b, c). 

 To increase the degree of order in the self-assembly 
process, Kappenberger et al. [42] employed template-
directed self-assembly to arrange spherical particles into a 
polymer resist template with regular hole arrays, produced 
using extreme ultraviolet interference lithography (EUV-IL) 
at the XIL beamline of the Swiss Light Source. The 
fabricated patterns consist of arrays of holes formed in a thin 
polymethyl methacrylate (PMMA) resist layer on a Si 
substrate. The substrate is then tilted by 15° and a colloidal 

 

Fig. (1). (a) Magnetic force microscopy (MFM) image revealing the magnetic state in the array of [Co/Pd] islands with a size of 50 nm 

prepared by e-beam patterning [20]. Reprinted with permission from Hu et al. [20]. Copyright 2004, American Institute of Physics. (b) BPM 

array consisting of [Co/Pd] multilayers deposited onto Si pillar substrates fabricated via e-beam directed assembly of block copolymer films 

[34]. Left panel: top view scanning electron microscopy (SEM) micrograph. Right panel: section view at 85° angle. Bottom: Bright field 

transmission electron microscopy (TEM) cross-sectional image. Reprinted with permission from Hellwig et al. [34]. Copyright 2010, 

American Institute of Physics. (c) Self-assembly of fcc disordered FePt nanoparticles with a size of about 5 nm [7]. 

 

Fig. (2). (a) Schematics of the set-up used for preparation of self-assemblies of nonmagnetic spherical particles. Self-assembly of SiO2 

particles with nominal size of (b) 100 nm and (c) 160 nm. 

 

(b) Particles: 100 nmØ = 

300 nm

(c) Particles: 160 nmØ = 

500 nm

(a)
Glass box

Solution droplet

Substrate
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solution consisting of sulphatized polystyrene nanoparticles 
diluted with Milli-Q water is dropped onto the substrate so 
that the nanoparticles are trapped in the template holes as the 
solution flows slowly downwards as illustrated in Fig. (3). 
As the colloidal solution dries, the nanoparticles are fixed 
inside the holes, and a dense long-range order is formed. A 
typical patterned hole array in a PMMA resist with a period 
of 100 nm on a Si substrate is shown in Fig. (4a). The hole 
size is 60 nm with a resist thickness of 25 nm. Nanoparticles 
with an average diameter of 60 nm which have been 
captured in the holes to form a regular square lattice are 
shown in Fig. (4b). This template-directed ordering method 
proved to be very tolerant to dispersion in nanoparticles size, 
and we were able to achieve long-range ordering of the 
colloidal nanoparticles over the full template area (5x5 m

2
). 

 

Fig. (3). (a)-(d) Schematics revealing the template-directed 

assembly process. 

 Further attempts to apply this template-directed assembly 
process to order even smaller nanoparticles with a diameter 
of 20 nm in regular hole arrays with periods down to 42 nm 
and with hole size as small as 22 nm were carried out. Also 
for this case the template assisted self-assembly process 
works well although not perfectly (Fig. 4c, d). 

3. [Co/Pt(PD)]N MULTILAYER STACKS ON ARRAYS 
OF SPHERICAL PARTICLES 

 [Co/Pt(Pd)]N multilayers are a convenient model system 
to investigate the specific magnetic and structural properties 
of magnetic thin films grown on nanoparticle arrays. In 
particular, the magnetic anisotropy can be easily varied by 
adjusting the Co individual layer thickness. [Co/Pt(Pd)]N 
multilayers exhibit perpendicular magnetic anisotropy 
(PMA) in a certain range of Co thicknesses where the 
interface anisotropy is large enough to overcome the shape 
anisotropy [46]. With increasing Co layer thickness, a so-
called thickness-driven spin reorientation transition (SRT) 
occurs, where the direction of the magnetic easy axis 
changes into the film plane. For the crossover Co layer 
thickness, tSRT, values of (0.3-1.7) nm have been reported 
[47-50], depending on the choice of the substrate [48], the Pt 
layer thickness, and the interfacial roughness [49]. 

 Growth of [Co/Pt(Pd)]N multilayers on curved substrates 
results in a tilt of the easy axis of magnetization following 
the curvature of the particle surface. The presence of the tilt 
of easy axis is expected to substantially influence the 
equilibrium domain pattern and to modify the magnetization 
reversal behavior as was investigated in [Co/Pt]N multilayer 
systems with varying individual Co layer thickness grown on 
assemblies of polystyrene particles with various particle 
sizes. First hint regarding such a modification comes from 
the detailed analysis of the angular dependence of the 
switching field of magnetic cap structures [38]. Fig. (5) 
shows the angular dependence of the normalized switching 

 

Fig. (4). SEM images of (a) a patterned hole array in a PMMA resist created with EUV-IL with a hole size of 60 nm and a period of 100 nm. 

(b) Nanospheres with a diameter of 60 nm captured in the regular square hole array shown in (a). Template-directed self-assembly of 20±5 

nm nanospheres in (c) template with a hole diameter of 30 nm and a period of 50 nm and (d) template with a hole diameter of 22 nm and a 

period of 42 nm. The ordering is schematically shown in the insets. Reprinted with permission from Kappenberger et al. [42]. Copyright 

2009, American Institute of Physics. 
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field, HS, measured by polar magneto-optical Kerr effect 
(MOKE) magnetometry. After a rapid decrease for small 
angles , the magnitude of the switching field for the caps on 
the 50 nm particles has a broad minimum from 45° to 80° 
[37]. Reversal studies on larger particles reveal a different 
behavior, showing a little drop in HS for the 110 nm particles 
or a small increase for the 310 nm particles towards higher 
angles, indicating a domain-wall-motion controlled reversal 
mechanism. This behavior differs substantially from the 
Stoner-Wohlfarth (S-W) model, plotted as a solid line in Fig. 
(5b), which is applicable to single-domain particles with 
uniaxial anisotropy reversing via coherent rotation [51]. 

 To clarify this point, a series of micromagnetic simulations 
was performed. Details on the simulation procedure can be 
found in [38, 43, 44]. In order to implement the properties of the 
magnetic caps, the volume was divided into a mesh of finite 
elements with a maximum side length of 5 nm. For 0° <  < 50° 
the magnitude of magnetic anisotropy, saturation magnetization 
and exchange constant of the individual elements is set to 
constant values, KU0, MS0, and A0, respectively, since the 
thickness of the single Co layers changes from about 1.5 to 1 
monolayer. To account for the change of the anisotropy with Co 
thickness, KU0 has to be considered as an effective value KU, 
which will be reduced compared to the value measured on a 
plane reference film sample. For higher angles both anisotropy 
and saturation magnetization are approximated by a Gaussian 
function f( ) = exp[-(( - 0)/ 0)

2
] with 0 = 50° and 0 = 0.1, 

leading to a steep drop in KU( ) and MS( ) to zero. Note that the 
anisotropy distribution is pointing perpendicular to the particle 
surface and its absolute value is assumed to be independent of 
particle size as long as the particle diameter is larger than the 
grain size of the deposited film. A schematic cross section of the 
model is depicted in Fig. (5a) sketching the distribution of the 
anisotropy orientation and also its local magnitude variation. 

 Single particle hysteresis loops were simulated for 
different particle sizes and various directions of the external 
field with A0 = 1 x 10

-11
 J/m and MS0 = 0.5 MA/m. KU0 is the 

fitting parameter for the simulations. The normalized best fit 
results using one single KU0 value are compared to the 
experimental data and presented together in Fig. (5a). Best 
fits were obtained with KU0 = 0.3 MJ/m

3
. For all particle 

sizes there is good agreement between simulations and 
experiment, clearly verifying the assumptions. To prove the 
importance of the anisotropy distribution, additional 
simulations were performed by applying a uniaxial 
anisotropy perpendicular to the substrate surface for all finite 
elements. All other parameters were unaltered. This model 
and the results of the simulations are given in Fig. (5b), 
which does not fit the experimentally observed behavior. 

 To investigate the influence of the curvature of the 
surface on the spin-reorientation transition in this novel 
gradient nanomaterial, a series of [Co(tCo)/Pt(0.8 nm)]8 
multilayers with various individual Co layer thicknesses tCo 
between 0.2 and 0.8 nm was evaporated at room temperature 
onto the particle arrays with different particle sizes [52]. The 
growth of the multilayer was assisted by a 2.9 nm thick Pt 
buffer layer. To prevent oxidation, the stack was covered by 
an additional 0.8 nm thick Pt layer. In addition, continuous 
[Co/Pt]8 multilayer films were grown under identical 
conditions on flat Al2O3(0001) substrates for comparison. 

 

Fig. (5). Normalized switching field as a function of applied 

external field angle  (a) from experimental data and simulations 

with spatial anisotropy distribution for all particle sizes and (b) 

from simulations for caps assuming uniaxial anisotropy, including a 

representation of the S-W model [51]. The solid lines serve as a 

guide to the eye for the simulated data points. Included are 

schematics of the magnetic caps showing the local anisotropy 

distribution and the external field direction. Reprinted with 

permission from Ulbrich et al. [38]. Copyright 2006, American 

Physical Society. 

 The magnetization reversal process was analyzed by 
polar MOKE for different particle sizes and for various Co 
layer thicknesses (Fig. 6). It is apparent that [Co/Pt] 
multilayers of up to an individual Co layer thickness of about 
0.6 nm have their easy axis of magnetization pointing 
perpendicular to the substrate plane and reveal a ratio 
between the remanence and saturation magnetization of 
almost one, independent of the particle size. With decreasing 
particle size the coercivity increases for samples with the 
same [Co/Pt] stack as summarized in Fig. (6c). The largest 
coercivity is observed for a Co layer thickness of 0.3 nm and 
decreases almost linearly with increasing Co layer thickness 
for all particle sizes resembling the increase of the shape 
anisotropy of the multilayer stack favoring the in-plane 
orientation of the easy axis of magnetization. For the 
smallest Co layer thickness of 0.2 nm a reduced coercivity is 
observed most likely due to incompletion of a continuous Co 
layer, which will reduce the anisotropy and thus is more 
viable to thermal activation processes. A similar behavior 
has also been observed for continuous films (Fig. 6b, c). In 
addition, superconductive quantum interference device 
hysteresis measurements have been performed on these film 
samples to extract the effective magnetic anisotropy, 
revealing a transition of easy axis orientation from perpendi-
cular to the film plane to an in-plane direction at a Co layer 
thickness of about 0.8 nm. These results are consistent with 
experimental data reported in the literature [46, 53]. After 
SRT at tCo = 0.8 nm, remanence magnetization measured in 
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the out-of-plane direction decreases (Fig. 6) as the easy axis 
of magnetization turns into the film plane. 

 Investigation of the local magnetic domain patters using 
magnetic force microscopy (MFM) at remanence reveals that 
a single-domain magnetic state is the most favorable state for 
a Co layer thickness of up to 0.4 nm for all particle sizes; 
larger Co layer thicknesses results in a multi-domain state in 
magnetic caps [52]. 

 One of the key issues, limiting the applicability of the 
BPM concept, is the substantial broadening of the switching 
field distribution (SFD) for arrays of magnetic nanoparticles. 
The main contribution to the SFD is given in our case by the 
particle size distribution. However, at small separation dist-
ances between nanostructures, the dipole-dipole interaction 
becomes rather important strongly influencing the magneti-
zation reversal in nanopatterned media [54]. Therefore, a 
detailed study of the influence of the magnetostatic coupling 
on the magnetization reversal of [Co/Pd]N multilayer stacks 
grown on nanoparticle arrays will be discussed in the follo-
wing [43]. 

 For this study we covered assemblies of polystyrene 
particles (sizes: 58 and 110 nm) with [Co/Pd]N multilayer 
stacks with different number of bilayers, N, ranging between 
8 and 80. The deposition of [Co(0.27 nm)/Pd(0.8 nm)]N 
multilayer stacks was performed by magnetron sputtering. In 
order to improve the growth conditions of the multilayers, a 
5-nm-thick Pd buffer layer was sputtered onto a 1-nm-thick 
Cr seed layer grown directly on the particles. A 1-nm-thick 
Pd capping layer was additionally deposited to protect the 

sample from oxidation. In addition, a series of reference 
samples was prepared on planar glass substrates for 
comparison. 

 An additional sample, [Co(1.8 nm)/Pd(1.8 nm)]8, was 
prepared on nominally 50 nm SiO2 particles for Trans-
mission Electron Microscopy (TEM) investigation. A cross-
section bright field TEM image taken on this sample is 
shown in Fig. (7). Although the curved surface of a spherical 
particle results in a tilt of the growth direction of the metallic 
film, a well-defined multilayer stack is observed up to the 
angle of 40º with respect to the symmetry axis of the caps. A 
similar study was also reported by Soares et al. [55]. 

 In addition, the deposition of a metallic film on a curved 
substrate leads to the formation of grains with tilted growth 
direction and with lateral grain sizes which become smaller 
with tilt angle. The presence of the tilt in the growth 
direction of the magnetic multilayer has important conse-
quences on the magnetic properties of the [Co/Pd]N multi-
layer stack: As the out-of-plane easy axis of magnetization in 
[Co/Pd] multilayers is driven by the interface anisotropy [56, 
57], a tilt in the growth direction of the stack should result in 
a deviation of the easy axis following the curvature of the 
particle’s surface. This idea, as was already mentioned, was 
utilized to explain the modification of the magnetization 
reversal process in [Co/Pt(Pd)]N multilayers grown on nano-
particles [37, 38]. 

 Another important aspect is that with increasing angle 
between the deposition direction and the normal to the 
particle surface the growth of a multilayer stack results in a 

 

Fig. (6). (a) MOKE hysteresis loops of [Co(tCo)/Pt(0.8 nm)]8 film stacks with various Co layer thicknesses tCo deposited onto particle arrays 

with sizes between 58 and 320 nm. (b) For comparison the same film stack was also deposited on a flat Al2O3(0001) substrate. (c) Coercive 

field HC as a function of individual Co layer thickness for various particle sizes and for the continuous films. Reprinted with permission from 

Ulbrich et al. [52]. Copyright 2008, American Institute of Physics. 
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mixture of Co and Pd species. This degradation of the 
multilayer structure can be seen in the TEM image of Fig. 
(7b) in particular at an angle of above 40º. For the case of 
[Co(0.27 nm)/Pd(0.8 nm)]N multilayers with a rather thin Co 
layer, the formation of a Pd-rich Co-Pd alloy with a Curie 
temperature below 300 K is expected [58, 59]. In this case, 
although the neighboring nanocaps are interconnected, the 
intersection region is expected to be paramagnetic leading to 
exchange isolation of the neighboring caps in the array [37, 
60] as illustrated in Fig. (8). 

 

Fig. (8). Schematics revealing the transition from the well-defined 

[Co/Pd]N multilayers to the Pd-rich Co-Pd alloy resulting in strong 

exchange decoupling of the neighboring cap structures in the array. 

Reprinted with permission from Moser et al. [60]. Copyright 2010, 

American Institute of Physics. 

 Hysteresis loops measured on [Co/Pd] multilayers grown 
on assemblies of particles are presented in Fig. (9a, b). A 
systematic shearing of the hysteresis loops with increasing 
number of bilayers is observed indicating the influence of 
the dipolar fields originating from neighboring magnetic 
caps. Furthermore, the variation of HC in the films grown on 
the particle assemblies with the number of bilayers is 
different compared to the observation on the planar 
substrates. Thus, [Co/Pd] multilayers on assemblies of 
particles with a diameter of 110 nm possess a rather constant 

coercivity independent of the number of bilayer N (Fig. 9a). 
This might be related to the different microstructure of a 
multilayer stack grown on particles compared to planar 
substrates. The absolute value of coercive field is however 
close to the one observed on the planar substrates. In the case 
of the films grown on 58 nm particles (Fig. 9b) a remarkable 
increase of the out-of-plane coercivity compared to the 
deposits on 110 nm particles (Fig. 9a) as well as on the 
planar substrates is observed for the smallest bilayer number. 
However, with the increase of the bilayer number, the 
coercivity gradually decreases to a value of 4.5 kOe which 
might be related to the degradation of the interface quality 
for the thicker films as mentioned earlier. Following this 
assumption, a variation of the use magnetic anisotropy value 
with the film thickness might be expected resulting in a 
reduction of the coercive field as revealed by micromagnetic 
simulations. In addition, magnetostatic interaction between 
the neighboring caps will also cause a reduction in coercive 
field [54]. 

 The evolution of the coercive field HC and the width  of 
the SFD with the number of [Co/Pd] bilayers in the 
multilayers grown on particle assemblies is summarized in 
Fig. (9c, d). The values of HC and  are close to the ones 
reported by Thomson et al. [61] for lithographically 
patterned [Co/Pt] multilayer films. The SFD is given as the 
full width at half maximum of the first derivative of the 
hysteresis loop fitted with a Gaussian distribution function. 
In addition to the intrinsic SFD arising from the inner defect 
structure of the [Co/Pd] multilayers, the broadening of the 
SFD is given by the particle size distribution as well as by 
the influence of the dipolar fields coming from the 
neighboring caps [61, 62]. In our case, the distribution of the 
particle sizes in the array plays initially the major role, 
however with increasing number of bilayers, the width  of 
the SFD increases linearly which is attributed to the effect of 
dipolar fields, which increases proportionally with the 

 

Fig. (7). TEM images of an assembly of SiO2 particles with a size of nominally 50 nm covered with a [Co(1.8 nm)/Pd(1.8 nm)]8 multilayer 

stack: (a) bright-field cross-sectional TEM image. The thickness variation in the film with varying angle is indicated. (b) Energy filtered 

image (only Co layers are visible as the bright layers). (c) Intensity profile taken along the line marked in (b). Reprinted with permission 

from Ulbrich et al. [43]. Copyright 2010, American Physical Society. 
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growing total magnetic moment of each nanocap. By 
comparing the evolution of the SFD with increasing bilayer 
number for the two particle arrays it becomes apparent that 
the SFD increases for the 58 nm array with a steeper slope 
(88 Oe per bilayer) than for the 110 nm array (64 Oe per 
bilayer), which is expected due to larger dipolar fields for 
smaller interparticle distances. Extrapolating the linear fit to 
the intersection with y-axis, we extracted the intrinsic SFD, 

0, without magnetostatic contribution. As expected, owing 
to the larger particle size distribution, the value for 0 for the 
deposits on 58 nm particle arrays was found larger (2.1 kOe) 
compared to the films grown on assemblies of 110 nm 
particles (1.4 kOe). Interestingly the linear increase of the 

SFD starts to level off when the total film thickness is in the 
range of the particle diameter (N > 50), thus probably 
indicating the onset of enhanced exchange coupling in the 
array. 

 Furthermore, MFM images taken on the samples show a 
well-defined black and white contrast on individual caps 
confirming that the caps are in a single domain state (Fig. 
10). The domain size is independent of the number of 
bilayers, as the magnetic domains are localized at the cap 
structures even for N = 80. This observation is quite 
surprising as the total film thickness is comparable to the 
particle diameter, where the issue of exchange coupling 
between caps may become important. However, despite the 

 

Fig. (9). Series of polar MOKE hysteresis loops of [Co/Pd]N multilayer stacks with different bilayer number N grown on (a) an assembly of 

110 nm particles, and (b) an assembly of 58 nm particles. The evolution of switching field distribution, , and out-of-plane coercivity, HC, 

with bilayer number for [Co/Pd]N samples grown on assemblies of (c) 110 nm and (d) 58 nm particles. Dotted lines are guides to the eye. 

Linear fits to the SFD data are also shown with solid lines. Reprinted with permission from Ulbrich et al. [43]. Copyright 2010, American 

Physical Society. 

 

Fig. (10). MFM images taken on the samples with N = 8 and 80 in the demagnetized state. Reprinted with permission from Ulbrich et al. 

[43]. Copyright 2010, American Physical Society. 
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presence of exchange coupling throughout the array, 
individual switching events at cap positions can still occur 
followed by depinning of domain walls or further nucleation 
events depending on the intrinsic magnetic properties and the 
specific local magnetic environment. Similar results were 
reported for CoPt alloy films deposited onto particle arrays 
[40, 41]. 

4. MAGNETIC ALLOYS ON ARRAYS OF SPHERICAL 
PARTICLES 

4.1. Granular CoCrPt-SiO2 Alloy Films on SiO2 Particle 

Arrays 

 Granular CoCrPt-SiO2 alloy films are used as storage 
material in conventional perpendicular magnetic recording 
systems [9]. Therefore the implementation of CoCrPt as a 
recording layer also for BPM was proposed [15, 63]. In this 
study, self-assembled arrays of SiO2 particles of various 
sizes were utilized to fabricate patterned media based on 
granular CoCrPt-SiO2 films [64]. Fig. (11) shows an MFM 
image of array of magnetic caps on particles with a size of 
50 nm after CoCrPt-SiO2 film deposition which was taken 
after demagnetizing the sample. It reveals bright and dark 
magnetic contrast located at the particle positions (see 
corresponding AFM image) confirming that the cap 
structures are in a magnetic single domain state. MFM 
images taken at remanence after saturating the samples show 
already reversed domains located on individual but randomly 
distributed caps. 

 

Fig. (11). AFM and corresponding MFM images of a CoCrPt-

SiO2/Ru/Ta film grown on a SiO2 particle array with a particle size 

of 50 nm. Image (a) shows the magnetic domain configuration after 

demagnetizing the array of cap structures while image (b) reveals 

the magnetic contrast of individually reversed single domain caps at 

remanence after saturation. Reprinted with permission from 

Brombacher et al. [64]. Copyright 2010, American Institute of 

Physics. 

 Detailed Scanning Transmission Electron Microscopy 
(STEM) investigations have revealed a unique hedgehog-like 

morphology of small CoCrPt pillars which is induced by the 
curvature of the particle surface (Fig. 12a). Such a peculiar 
hedgehog-like cap structure can explain some of the distinct 
magnetic properties [64]. Starting with the observed 
reduction in the remanent magnetization after saturation, this 
can now be attributed to the distribution of the magnetic 
anisotropy axes of the columnar grains which are tilted 
following the curvature of the particle surface. Therefore, the 
magnetization at remanence in perpendicular orientation is 
expected to be lowered. Moreover, the presence of tilted 
magnetization orientations with respect to the applied field 
direction will also result in a reduced switching field which 
might be the reason that the demagnetization field at 
remanence is already sufficient to reverse the magnetization 
of individual caps. 

 Furthermore, Electron Energy Loss Spectroscopy (EELS) 
reveals the presence of a continuous Co-rich layer 
underneath the CoCrPt pillars (Fig. 12b). This Co-rich layer 
is expected to give rise to enhanced intergranular exchange 
coupling of the granular film which results in the formation 
of single domain cap structures. It is interesting to note that 
the observed magnetic behavior in particular the angular 
dependence of the switching field is quite similar to the one 
measured on [Co/Pd]N cap arrays even though the underlying 
microstructure is substantially different. However, both 
systems reveal a spatial distribution of the easy-axis pointing 
always perpendicular to the particle surface due to the 
interface anisotropy of the [Co/Pt(Pd)] multilayers on the 
one hand and the columnar CoCrPt structure with tilted c-
axis on the other hand. In addition, both systems are strongly 
exchange coupled (intercap coupling). 

 Recently, we demonstrated the possibility to tune the 
magnetic properties of CoCrPt-SiO2 films grown on self-
assembled arrays of SiO2 spherical particles using irradiation 
with magnetic Co

+
 ions at fluences up to 4.5x10

14
 cm

-2
 [63]. 

By using magnetic ions, we can directly influence the 
intergranular exchange by introducing Co atoms into the 
grain boundaries, which allows us to tailor the magnetic 
exchange coupling between CoCrPt grains in a controlled 
manner [65]. In particular, we found that irradiation at low 
fluences results in the increase of the exchange coupling 
leading to a substantial increase of the remanent 
magnetization. Furthermore, increase of the intergranular 
exchange coupling between CoCrPt grains initiated by Co

+
 

irradiation enhances thermal stability of the magnetic media. 
However, irradiation at a larger fluence of 4.5x10

14
 cm

-2
, the 

degradation of the magnetic layer becomes dominant and 
both, the remanent magnetization and the coercive field in 
the easy-axis direction decrease but does not show a 
pronounced dependence on the particle size. The degradation 
is assumed to be induced by the implantation of carbon from 
the top layer [66]. 

4.2. FePt Films on SiO2 Particle Arrays 

 To fulfill the requirements of thermal stability, CoCrPt as 
well as the [Co/Pt(Pd)]N multilayer system are limited in 
their extensibility in storage density and thus Fe-Pt alloys in 
the L10 chemically ordered phase are considered as candidate 
materials for a recording layer in BPM allowing densities 
beyond 1 Tbit/inch

2
 [12]. However, several important 

aspects have to be considered: (i) Chemical L10 ordering is 
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required to induce strong magnetic anisotropy and (ii) (001) 
texturing of the FePt film is needed to stabilize PMA. While 
the first issue can be solved by thermal treatment of the 
alloys, the second property is more difficult to achieve. 
Please note that conventional annealing of FePt films grown 
on amorphous substrates results in a chemically ordered 
alloy, but with isotropic orientation of the easy axes of 
magnetization [67]. Therefore, single crystalline substrates 
with appropriate orientation like MgO(001) or NaCl(001) 
can be used to stabilize a (001) texture in FePt alloys via 
epitaxial growth [12, 68]. 

 

Fig. (12). (a) Sample overview of a CoCrPt-SiO2/Ru/Ta film grown 

on a SiO2 particle array with particle size of 50 nm using bright 

field TEM imaging. The inset reveals details of the hedgehog shape 

with the corresponding Fourier transformation of one marked 

nanopillar showing threefold symmetry. (b) Bright field TEM 

image and corresponding elemental mapping. Reprinted with 

permission from Brombacher et al. [64]. Copyright 2010, American 

Institute of Physics. 

 In this regard, we used [Pt(3 nm)/Cr(50 nm)] seed layers 
which were deposited at 350°C onto assemblies of 
nonmagnetic SiO2 particles to initiate the (001) texture in 5-
nm-thick FePt alloy films [39]. Fig. (13) shows polar MOKE 
hysteresis loops measured on the samples grown on arrays 
with particle sizes of 160 nm and 330 nm. Larger coercive 
fields of about 370 mT and a broader SFD compared to the 
continuous film (open symbols) was obtained. While a 
remanence magnetization (MR / MS ratio) of almost 1 is 
obtained for the film on 330 nm particle arrays, a reduced 
value of 0.7 is observed for the magnetic caps on 160 nm 
particles. The latter clearly indicates that nucleation and 
reversal of the domains starts already before remanence 
when first saturated. 

 The high value of coercivity and the substantially 
reduced remanent magnetization for the FePt alloy deposited 

on array of 160 nm particles is an indication of a still large 
value of the chemical order parameter, but with a different 
texture compared to the sample on 330 nm particles. In order 
to clarify this point, a detailed structural characterization of 
the film stack on 160 nm particle was performed by TEM 
(Fig. 14). A drastic decrease in the grain size down to 7 nm 
compared to the film grown on a planar SiO2 substrate is 
visible. The grains grow perpendicular to the sphere surface 
even at high angles and grains of the neighboring particles 
are effectively interconnected enhancing the magnetic 
exchange coupling between the magnetic caps. The grain 
structure is also columnar like on a planar film, but the 
interfaces between the grains are much wider (2 - 3) nm (Fig. 
14). The grains in the FePt layer have rounded caps which 
fall off rapidly to the sides (cf. dotted line in Fig. (14b)). The 
bcc Cr layer has a (110) orientation resulting in a (111) 
texture in the FePt layer. A larger influence of strain for 
smaller particles is considered to be responsible for the 
different structural properties of the Cr layer when grown 
onto spheres with a size of 160 and 330 nm. Therefore, 
further optimization of the structural properties of the Cr/Pt 
bilayer is needed to achieve the required (001) texture in 
FePt alloys. 

 

Fig. (13). FePt(5 nm @ 450°C)/Pt(3 nm @ 350°C)/Cr(50 nm @ 

350°C) on arrays of SiO2 particles. Polar MOKE hysteresis loops of 

the samples grown on arrays of 160 nm (red circles) and 330 nm 

(green triangles) SiO2 spheres. The hysteresis loop of the sample 

grown on a planar substrate is presented for comparison (open 

symbols). Reprinted with permission from Makarov et al. [39]. 

Copyright 2008, American Institute of Physics. 

5. MAGNETIC CAP STRUCTURES FOR DATA 
STORAGE 

 In addition to the issues of fabricating ordered arrays of 
magnetic nanostructures over large areas, methods need to be 
found for successful writing of information in to the bit 
patterned media. Writing imposes a careful lateral 
adjustment of the recording head position on the track and 
requires the synchronization of write pulse to the media 
pattern [69-71]. For this probe recording scheme, a scanning 
tunneling microscopy or an atomic force microscopy 
cantilever tip coated with a magnetic material used to 
read/write information to each magnetic nanostructure is 
considered to be promising [72]. Probe recording has been 
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achieved in nonmagnetic materials by oxidizing the surface 
of the storage material, by charge storage in semiconductors 
or by forming indentations in polymers [73, 74]. However, 
these techniques suffer from the relatively slow reading and 
writing speed. Therefore, large scale parallelization of the 
tips is required to boost performance as demonstrated for 
example in the Millipede system [72, 73]. Probe recording 
on magnetic materials requires for instance the use of 
magnetic force microscopy (MFM) tips. 

 In order to perform probe recording on arrays of 
magnetic cap structures, MFM tips have to fulfill two critical 
requirements: The stray field of the MFM tip has to be 
sufficiently large to reverse the magnetization direction of 
the individual magnetic cap and the spatial distribution of the 
stray field has to be rather narrow (i.e. the stray field gradient 
has to be sufficiently steep) so that the magnetic state of the 
neighboring magnetic nanostructures is not affected. The 
stray field of less than 10 mT of commercially available 
MFM tips is generally too weak for probe recording 
applications. Therefore, in order to increase the tip’s stray 
field, a series of MFM tips was specially manufactured [42]. 
The largest stray field of 67.5 mT was achieved by using a 
400 nm long Co rod with a diameter of 100 nm grown by 
electrochemical deposition inside an aluminum membrane 
and attached near the apex of the cantilever tip. To focus its 
stray field, the rod’s apex was further shaped into a cone by 
focused ion beam (inset in Fig. (15d)) resulting in an apex 
diameter of less than 25 nm. 

 In this study, template-directed self-assembly process 
was employed to arrange spherical particles into a polymer 
resist template with regular hole arrays, produced using 
extreme ultraviolet interference lithography [42] as already 
presented in Fig. (4). An array of magnetic caps was created 
by depositing [Pt(0.8 nm)/Co(0.3 nm)]8/Pt(5 nm) multilayers 
onto these patterns forming single domain cap structures 
with out-of-plane magnetization. 

 The proof-of-concept probe recording measurements 
were performed using a variable temperature UHV-MFM at  
a base temperature of 8 K. The magnetic state of the sample 
in an applied bias magnetic field is presented in Fig. (15a) 
revealing that the sample is almost magnetically saturated 

with only a few magnetic caps left with a reverse 
magnetization (in white) which we use for the probe 
recording trials. In order to initiate a magnetic writing event, 
the MFM tip was positioned over the nanocap of choice. 
Then a force-distance curve was acquired by approaching the 
cantilever slowly in vertical direction (Fig. 15d), red solid 
curve). The spectra shows a well-pronounced peak at a tip-
sample separation distance of about 1.2 nm, indicating a 
magnetic switching event (island in red circular frame in Fig. 
(15a)), which is confirmed by the next MFM scan performed 
at larger tip-sample separation (Fig. 15b). Moreover, in an 
additional measurement taken after the switching event at the 
same location (Fig. 15d), black dashed curve) no peak is 
present. Indeed, the presence of the peak in a force-distance 
curve is useful for tracking successful switching events in a 
magnetic probe recording concept. In addition, two further 
switching events are indicated by the blue square frames in 
Fig. (15b, c), clearly demonstrating that using the field 
assisted probe recording approach, isolated single nanocaps 
can be switched in a controlled fashion. 

6. CONCLUSION 

 Magnetic and structural properties of magnetic thin films 
grown onto assemblies of nonmagnetic spherical particles 
are reviewed. As the size of the particles as well as the 
thickness of the deposited magnetic film can be tuned at will, 
the so fabricated magnetic cap structures represent a 
convenient system to study the fundamental magnetic 
interactions (exchange and magnetostatic) at the nanoscale. 
Due to the curvature of the particle’s surface, magnetic and 
structural properties of the magnetic thin films differ 
substantially from their planar counterparts with respect to 
the equilibrium magnetic domain pattern as well as 
magnetization reversal behavior. 

 Furthermore, these magnetic cap structures were 
attempted to create a bit patterned magnetic media for 
magnetic data storage applications. In this respect, several 
challenges still need to be addressed in order to realize a 
BPM recording system. On the one hand, techniques for 
fabricating ordered arrays of magnetic nanostructures over 
large areas are needed without degradation of the 
 

 

Fig. (14). FePt(5 nm @ 450°C)/Pt(3 nm @ 350°C)/Cr(50 nm @ 350°C) on 160 nm SiO2 particles. (a) Cross-sectional bright field TEM 

image. (b) High resolution TEM micrograph of the grain structure of FePt layer and the underlayer on the particle. Reprinted with permission 

from Makarov et al. [39]. Copyright 2008, American Institute of Physics. 
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Fig. (15). Probe recording on an array of nanocaps on 60 nm 

nanoparticles with a period of 100 nm. (a-c) The series of MFM 

images reveals that the magnetization of the dots (marked with a 

frame) switch by the tip field from an antiparallel (bright) to a 

parallel configuration (dark). The graph in (d) shows force-distance 

curves displaying a kink when the magnetization of the nanocap 

changes its direction. A custom made rod-like tip used for probe 

recording experiments is shown as an inset in (d). Reprinted with 

permission from Kappenberger et al. [42]. Copyright 2009, 

American Institute of Physics. 

perpendicular magnetic anisotropy towards smaller bit size; 
on the other hand, methods need to be found for successful 
writing of information in the BPM. For the latter, there are 
two potentially interesting approaches to reduce the 
switching field: (i) heat assisted magnetic recording 
(HAMR) and (ii) exchange coupled composite (ECC) media. 
HAMR relies on the local heating of the magnetic 
nanostructure close to its Curie temperature just before or 
during the writing event [75, 76]. A different route is 
envisioned in the ECC media concept [77-79]. Here, a 
magnetic nanostructure or bit consists of two magnetic 
components: a soft and a hard magnetic part. In this 
composite, the thermal stability is given by the hard 
component, while its switching field and switching field 
distribution can be substantially reduced due to the soft part 
[80]. Both concepts are currently intensively investigated 
offering new advances in achieving higher densities 
following ‘Moore’s Law’ in future storage devices. 
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