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The deposition of Co/Pd multilayers onto self-assembled spherical particles provides a system with
unique magnetic properties. The magnetic caps have high perpendicular magnetic anisotropy, are
single-domain, and strongly exchange decoupled, but in electrical contact with each other, thus
enabling magnetotransport measurements. By applying an external magnetic field, the caps can be
switched individually. We systematically studied the magnetoresistance on a two-dimensional cap
array consisting of Co/Pd multilayers deposited on particles with a diameter of 200 nm. In the
vicinity of the coercive field, a hysteretic resistance peak occurs. It can be explained with the
random magnetization configuration of the magnetic caps leading to an increased spin-dependent
scattering of the conduction electrons. The underlying mechanism might be comparable to the one
causing giant magnetoresistance in granular alloys. For temperatures above 77 K, additional
resistivity contributions with high saturation fields are observed, which are tentatively explained by
the decreasing size of magnetically ordered parts of the caps with increasing temperature, resulting
finally in superparamagnetic behavior in the contact area between neighboring caps. © 2010
American Institute of Physics. �doi:10.1063/1.3350909�

I. INTRODUCTION

Magnetic nanostructures are of considerable interest for
both fundamental research and industrial applications. Be-
sides exhibiting novel magnetic effects, the potential of mag-
netic nanostructures is given by the possibility to engineer
their specific properties, which strongly depend on the geom-
etry and the material composition.1,2 Multilayer and nano-
composite structures as well as the confinement into two
dimensions or one dimension can lead to exciting physical
phenomena such as giant magnetoresistance �GMR�, tunnel
magnetoresistance �TMR�, exchange bias, and spin-torque
induced dynamics or reversal.3–5 There are worldwide major
research efforts in the field of magnetic nanostructures. Cur-
rent and potential applications include information storage,
sensor technology, biomedical applications including drug
delivery, and spintronic devices.5–7

Conventional methods for the creation of magnetic
nanostructures are top-down and bottom-up techniques com-
bining optical or electron-beam lithography, chemical or
physical etching, and material deposition. In recent years, a
variety of new concepts for the fabrication of well-ordered
nanostructures with defined magnetic properties were pre-
sented. They range from the self-organization of magnetic
particles8,9 over the self-organization of magnetic entities
embedded in hosts, e.g., block copolymers,10,11 and the depo-
sition of magnetic films on substrates prepatterned by self-

organized material12 to the employment of self-assembled
structures as a mask.10 In this regard, another innovative ap-
proach to create nanostructure arrays is the deposition of
Co/Pt and Co/Pd multilayers onto monolayers of self-
assembled nanoparticles.13–15 The system provides unique
curvature-induced magnetic properties combined with the
advantages of patterning magnetic structures by means of
self-assembly over large areas. The effective anisotropy of
Co/Pd multilayers in general can be tailored by adjusting the
deposition parameters and individual layer thicknesses. For
Co layers up to 1.6 nm, the interface anisotropy dominates
over volume anisotropy and leads to a magnetic easy axis
perpendicular to the interfaces.16 The effect can be enhanced
by the magnetostriction of interfacial Co–Pd alloys.17 On the
other hand, the interface anisotropy is reduced by an increas-
ing interface roughness.18 The deposition of Co/Pd multilay-
ers onto spherical particles provides an array of magnetic cap
structures. For Co layers below 0.8 nm, the curvature of the
nanoparticles leads to a radial spread of the anisotropy axis
pointing perpendicular to the surface of the particles. Apart
from the orientation of the anisotropy axis, its strength varies
according to the layer thickness.13 The thickness of the de-
posited layers decreases from the top of each particle to-
wards the sides. If the thickness of the Co layers falls below
one monolayer, the system forms a dilute Co–Pd alloy. It is
assumed that comparable Co–Pd alloys are not ferromagnetic
at room temperature,19,20 which is suggested to result in a
strong magnetic exchange decoupling of the caps. The de-
coupling is further supported by the small contact areas be-
tween neighboring particles. Up to a particle diameter of
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about 300 nm the Co/Pd-multilayer caps are quasi-single do-
main. The magnetic properties of the system such as mag-
netic anisotropy and coercive field can be tailored by adjust-
ing the deposition parameters and by simply using particles
of appropriate size.15

So far, the magnetic properties of this novel kind of
nanostructures were systematically studied by superconduct-
ing quantum interference device �SQUID� and magneto-
optical Kerr-effect magnetometry.13–15 In this article, we re-
port on MR measurements on a two-dimensional �2D� cap
array. Transport measurements are a powerful tool for the
characterization of magnetic nanostructures because electri-
cal current is highly sensitive to the magnetic moments of a
sample and, unlike other techniques, the MR signal does not
scale with the size of the probed area. Apart from displaying
the magnetization reversal of the magnetic caps where most
of the magnetic material is deposited, MR measurements can
provide access to the magnetic properties of the dilute Co–Pd
alloy in the contact regions between neighboring caps.

II. SAMPLE PREPARATION AND EXPERIMENTAL
METHOD

For the fabrication of 2D particle arrays, negatively
charged polystyrene spheres with a diameter of 200 nm were
used. Monolayers of these particles were prepared in a self-
assembly process as described by Micheletto et al.21 As sub-
strate we employed a standard silicon wafer with a silicon
dioxide surface layer. Since the quality of the 2D crystal
growth depends on the particle mobility, the substrate was
treated with oxygen plasma to remove organic impurities and
to increase the hydrophilicity. The original colloidal suspen-
sion was diluted to about 1% by volume, applied to the sub-
strate, and left to dry in a closed chamber that was tilted
about 5° to cause a directed crystal growth.22 The particle
monolayer was then covered with 30 repetitions of
Co�0.4 nm�/Pd�0.8 nm� bilayers on a seed layer of
Cr�1 nm�/Pd�5 nm�. The deposition was done by magnetron
sputtering from concentric ring cathodes at an argon pressure
of 11 �bar. The growth rates were 1.4 nm/s for Co and 7.3
nm/s for Pd. To prevent oxidation, the multilayers were cov-
ered with an additional 0.8 nm thick Pd layer.

For the magnetic characterization of the sample, the do-
main configuration was imaged by means of magnetic force
microscopy �MFM� at room temperature. Temperature-
dependent magnetization curves were recorded by means of
SQUID magnetometry. MR measurements were performed
in a pseudo four-terminal setup, as illustrated in Fig. 1. To
ensure a densely packed assembly of particles and to avoid
short circuiting of the caps on the colloidal monolayer by the

flat Co/Pd multilayer film deposited on the substrate, the
sample was reduced to a 1.7 mm wide piece. Two aluminum
pads with a thickness of 500 nm and a distance of 15 �m
were defined using a thin wire as evaporation mask. As input
leads two wires were bonded on each pad. Transport mea-
surements were done with an ac resistance bridge with a
maximum applied current of 10 �A. The signal was read out
by a multimeter. The sample was cooled down in a cryostat
with variable temperature insert. Measurements were done in
helium atmosphere between 77 and 260 K. A magnetic field
up to 10 T was applied perpendicular to the sample plane and
the current direction.

III. RESULTS AND DISCUSSION

Figure 2 shows a magnetic force micrograph of the pre-
pared sample. The individual caps appear in a well-defined
black or white contrast confirming that they are single do-
main. As the demagnetized state of the sample is driven by
magnetostatic interactions, a mazelike overall domain pattern
can be observed. Figure 3�a� presents a magnetization curve
measured by SQUID magnetometry at 77 K together with a
typical resistance-versus-field curve recorded at 77.5 K. Both
curves exhibit hysteretic behavior. The magnetization curve
indicates an out-of-plane anisotropy of the Co/Pd-multilayer
caps with a coercive field HC of 90 mT. The broad switching
field distribution �SFD� mainly originates from the nonuni-
form particle-size distribution. However, at small separations
between nanostructures, the dipole-dipole interaction be-
comes important and influences the magnetization reversal in
the array.23–26 This explains why the remanence of the nor-
malized magnetization curves is not one. At higher tempera-
tures, the general shape of the magnetization curves remains
the same, only the coercive field is reduced to 75 mT at
150 K and to 64 mT at 300 K.

The MR ratio is defined as �R��0H�−R0� /R0, where
R��0H� is the measured resistance of the sample at an ap-
plied magnetic field �0H and R0=R�1 T�. The main influence
of the external magnetic field on the resistance occurs in the
vicinity of the coercive field HC at about 100 mT. The slight
offset between HC and the peak position of the MR curves
can be attributed to different reasons. First, the recording
methods are different. While for the SQUID measurement a
certain field is applied and the magnetization is measured
after the relaxation of the system, the resistance is recorded
on the fly with a sweep rate of 0.2 T/min and an integration
time of 3 s. An additional possibly temperature-dependent

FIG. 1. �Color online� Sketch of the sample layout. Two input leads were
bonded on each of the aluminum pads. FIG. 2. �Color online� Atomic force micrograph revealing topography �left�

and corresponding MFM image of �Co�0.4 nm� /Pd�0.8 nm���30
multilayer film deposited on a monolayer of 200 nm polystyrene particles.
The arrows and circles mark the same particles in both images.
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contribution to the offset originates from the fact that a
SQUID measures the total moment of a sample, while the
resistivity is only sensitive to the current-carrying paths.

For higher fields, the sample shows negative MR. This is
usually associated with suppressed spin-disorder scattering
in a magnetic field.27 For the interpretation of the hysteretic
resistivity contribution, we propose a model which is illus-
trated in Fig. 3�b�. The system consists of single-domain
magnetic caps which are in metallic contact. The magnetiza-
tion direction of a cap can point up or down perpendicular to
the sample plane, as indicated by the light and dark shaded
circles. The gray areas are metallic regions where due to the
thickness variation across the particle surface the deposited
Co–Pd stack loses its multilayered structure, as illustrated in
Fig. 4. We will get back to this later. At +1 T the sample
magnetization is saturated and all cap moments are aligned
in parallel. When the field is decreased, some caps start to
switch. The magnetization is reduced and the resistivity in-
creases. At −HC, where the net sample magnetization is zero,
one half of the cap magnetizations points up and the other
half points down. If we assume the caps to be magnetically
decoupled, their magnetizations are statistically distributed in
this demagnetized state.14 From the view of spin-dependent
transport, this state corresponds to the most disordered or
antiferromagnetically aligned state, where the resistivity is
the highest. When the reverse field is further increased the

magnetic moments of the caps become aligned along the
field direction. Spin-dependent scattering of the conduction
electrons is reduced and the resistivity decreases. At the satu-
ration field −HS all cap moments are aligned in parallel and
the resistivity is lowest. The curvature change of the resistiv-
ity curve at −HS supports this model.

Figures 4�a� and 4�b� are schematic side and top views
of two neighboring caps. Two different regions can be dis-
tinguished: the single domain cap with a well defined Co/Pd
multilayer structure and the intersection where the multilay-
ers smear out and a granular alloy is formed. To support this
model, a reference system of thicker multilayers was pre-
pared for imaging by means of transmission electron
microscopy.15 The analysis of the energy-filtered transmis-
sion electron micrograph shown in Fig. 4�c� reveals a clear
multilayer contrast at the central part of the caps while at the
intersections the Co/Pd interfaces are no longer visible and a
granular structure arises.

The present system is to some extent comparable to an
alloy consisting of ferromagnetic particles embedded in a
metal matrix. GMR is not only observed in layered struc-
tures, but also in magnetically inhomogeneous media with
single domain ferromagnetic entities,28,29 so we might deal
with a GMR-like effect. At the intersection between neigh-
boring caps, a magnetization configuration similar to the one
in a domain-wall is possible. Furthermore the curvature-
induced radial anisotropy distribution and the complexity of
possible current paths lead to contributions from anisotropic
MR, which are hard to evaluate.30 For this purpose, sophis-
ticated micromagnetic simulations are required, which lie be-
yond the scope of this work.

Together with the seed and capping layer, the Pd makes
up 70% of the deposited material. Even if the Pd is partially
polarized, there is a significant shunting of the sensing cur-
rent through the nonmagnetic layers. This explains why the
observed MR ratio amounts to 0.3% only.

In order to confirm that the MR peaks really occur due to
the switching of the magnetic caps, minor loops were re-
corded. Minor loops can be employed to distinguish between
reversible and irreversible transitions of the sample configu-
ration. A transition is considered irreversible if a domain

FIG. 3. �Color online� �a� Magnetization and MR of single domain Co/Pd
multilayer caps on 200 nm particles. �b� Scale up of the magnetization curve
together with a ten-curves average of the MR where the field was swept
between �1 T. The insets show the magnetization configurations corre-
sponding to the respective applied fields. The light �dark� circles represent
the single domain caps with the magnetization directions up �down� along
the easy axis, which is perpendicular to the sample plane.

FIG. 4. �Color online� Schemes of �a� the cross section and �b� the top view
of Co/Pd multilayers deposited on spherical particles. Due to the curvature
of the spheres the multilayer structure smears out toward the sides. At the
intersection the system forms a granular Co–Pd alloy. The arrows indicate
the anisotropy axis. �c� Transmission electron micrograph of a thicker Co/Pd
multilayer on 50 nm silicon oxide particles: �Co�1.8 nm� /Pd�1.8 nm���8.
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nucleates31 or a cap switches. MR minor loops recorded at
77 K are shown in Fig. 5 together with a SQUID measure-
ment of the sample magnetization and its derivative. For the
minor loops, the sample was first saturated at 1 T. The field
was then cycled between 1 T and subsequently decreasing
values. Up to a field of 0.1 T, the minor loops are closed. A
small increase of the resistivity is observed while the mag-
netization curve is constant. This points towards a reversible
field-dependent resistivity contribution from regions with
small magnetic moments. They are not detected by the
SQUID since they are hidden by the much higher moments
of the magnetic caps �see below�. At a field of about 0.1 T,
the shape of the minor loops changes. Comparison with the
magnetization curves shows that this is the field at which the
magnetization of the caps starts to reverse. If the field is
decreased below 0.1 T, the loops open up and close again
when the saturation field of about 0.4 T as indicated by the
SQUID curve is reached. Even though the mechanisms lead-
ing to the SQUID and the MR signal are different, this is a
strong indication for the nonreversible contribution to the
MR being caused by the switching of the caps. Since the
mechanisms causing the reversible part of the curves are un-
known, the curves can only be discussed qualitatively. After
subtracting the reversible MR contribution, the shape of the
minor loops reflects the SFD of the magnetic caps.32

Figure 6 shows minor loops recorded at 150 K. The
shape of the loops that can be associated with the switching
of the caps is comparable to the one observed at 77 K. An
interesting feature becoming more obvious in this illustration
is, that the MR ratio can be increased in a demagnetization-
like process: if approaching from �1 T, the field direction is
reversed between +HC and +0.2 T, the peak at −HC is re-
markably higher. Consequently, the state at which the mag-
netization passes through zero is not the most disordered
state in terms of spin-dependent scattering. The resistivity
being higher in the demagnetized state than at HC is often
observed in GMR systems.29,33

In contrast to the minor loops recorded at 77 K, the
curves at 150 K are not closed even for small cycles. This
hints at additional resistivity contributions occurring with in-
creasing temperature. Figure 7 shows MR traces in fields up
to 10 T recorded at temperatures between 77 and 260 K. The
MR ratios of the curves were calculated with R0=R�0 T� and
the curves are shifted for clarity. Some cycles are not closed
due to thermal drift. The contribution of the magnetic caps in
the vicinity of the coercive field HC remains the same for all
temperatures. With increasing temperature additional hyster-
etic resistivity contributions occur, one of which saturates
around 4 T. The peak position of these contributions in-
creases with temperature and lies between 0.5 and 0.85 T.
The saturation field is also increasing with temperature. For
260 K, no saturation is reached even at
10 T. We assume that the described effects originate from the
intersections between neighboring magnetic caps. Since most
of the voltage drops there, the transport measurement is

FIG. 5. �Color online� �a� Normalized hysteresis loop measured by SQUID
at 77 K. �b� For a better insight into the magnetization reversal process, the
derivative of the sample magnetization dM /dH is shown. �c� Minor loops
recorded at 77.5 K. Apart from the lowest one the curves are shifted for
clarity.

FIG. 6. �Color online� Minor loops recorded at 150 K. The small cycles are
shown in the inset with the curves being shifted for clarity.

FIG. 7. �Color online� MR sweeps with a maximum applied field between 8
and 10 T recorded at different temperatures. �a� For better comparison
curves are shifted to an MR ratio of zero at the highest applied field. �b�
Corresponding absolute resistances of the nonshifted curves. The resistivity
is very likely a more accurate hint to the real sample temperature than the
displayed temperature because the heat transfer between sensor and sample
was poor.
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highly sensitive to these regions. Note that the magnetic
properties of the Co–Pd alloy in these areas cannot be de-
tected by SQUID measurements, thus they can only be in-
ferred from the MR curves. The origin of the individual con-
tributions cannot be clarified unambiguously from our data.
Generally speaking, one could expect such an alloy to ex-
hibit GMR,28,29 but the observed temperature dependence
raises questions. Due to the deposition of multilayer stacks, it
is possible that oblate Co clusters with peculiar magnetic
properties may have formed, which reveal an activated be-
havior with high saturation field. The increasing saturation
field with increasing temperature hints at superparamagnetic
behavior.34 With an increase in temperature, the Co particles
might become progressively superparamagnetic. Superpara-
magnetic clusters can act as so-called “loose spins.” They are
known to mediate coupling between ferromagnetic entities.35

This would explain both the fact that the additional resistiv-
ity contribution only occurs at high temperatures and the
hysteretic behavior.

Another possible mechanism which could give rise to an
increasing MR ratio with temperature as well as to the un-
usual shape of the MR traces is the following: We model our
samples by two regions one of which is given by the bulk of
the individual caps with their clear multilayer structure. The
other important areas are the disordered contact regions
�compare Fig. 4�. Since the majority of the electrical poten-
tial drops at the disordered regions, i.e., the intersections,
these parts of the sample give an important contribution to
the resistance and thus to the MR. The size of the magneti-
cally ordered parts of the caps is expected to decrease with
increasing temperature. Simultaneously the disordered parts
increase and so does the absolute value of the resistance and
the area in which the conduction electrons are spin scattered.
Since no detailed calculations of the MR of disordered mag-
netic systems exist, we can only speculate that this fact might
give rise to enhanced MR ratios. With the same model, the
larger switching fields at higher temperature can be ex-
plained because smaller magnetic grains need higher external
fields for alignment.

Large variations of MR curves including sign changes of
the GMR are typical observations in atomic contacts36–38 in
qualitative agreement with calculations of the geometry de-
pendence of the spin polarization, which becomes important
at the atomic level.39–42 It has been shown that the magnetic
properties of all relevant length and size scales of a sample
are reflected in the MR traces. Although the contacts in our
present system most likely have larger cross-sections than
single atoms, a similar mechanism might be active.

IV. CONCLUSION

A 2D array of Co/Pd multilayer caps on self-assembled
particles was characterized by MFM, SQUID magnetometry,
and magnetotransport measurements. The system investi-
gated provides single-domain magnetic caps with perpen-
dicular magnetic anisotropy. In the vicinity of the coercive
field, a hysteretic resistance peak appears. We propose a
model, in which the magnetic caps constitute single-domain
magnetic particles with a perpendicular anisotropy axis em-

bedded in a metal host. The mechanism responsible for the
observed magnetoresistive effect might be similar to the one
causing the GMR effect in granular alloys. However, further
possible origins such as anisotropic MR due to a domain-
wall-like magnetization configuration between neighboring
caps have to be taken into consideration as well. At tempera-
tures above 77 K, additional hysteretic resistivity contribu-
tions with saturation fields up to 10 T occurred, the origin of
which remains unclear to date.

Using a lateral magnetic array such as the Co/Pd
multilayer caps on self-assembled nanospheres as a model
system for an alloy consisting of monodisperse particles the
sizes of which are known and can be varied in a defined
manner, might facilitate further experiments exploring fun-
damental questions of spin-dependent transport.
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