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Abstract Cobalt nanoparticles embedded in copper matrices show strong
size effects in the magnetic anisotropy with a non-monotonous dependence
on the particle diameter. In this article we discuss quantitative values of the
magnetic anisotropy in the frame of two models: in small clusters the surface
anisotropy contribution dominates whereas larger particles (> 3 nm diameter)
have an elliptic shape leading to increased shape anisotropy. The crystalline
structure of the particles is shown to be face-centered cubic, justifying that
the magneto-crystalline anisotropy can be neglected.
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1 Introduction

Cluster-assembled metallic nanostructures, i.e. solid thin films with embed-
ded nanoparticles are widely used to study specific physical effects arising
due to the reduction of matter investigated to the nanoscale. These comprise,
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amongst others, size effects, where, on the one hand, the reduced dimension-
ality can induce new crystalline phases such as fivefold symmetric icosahedral
structures [1] and, on the other hand, the electronic confinement can lead to
effects such as the localized surface plasmon resonance [2] or superparamag-
netism [3]. We have demonstrated in a recent publication [4] that the advanced
treatment of magnetic data from cobalt clusters embedded in copper matrices
allows the highly accurate characterization and determination of properties
such as the magnetic particle diameter distribution as well as the effective
magnetic anisotropy constant, its dispersion about a mean value and a pos-
sible biaxial component. We have quantified size-dependent variations in the
effective magnetic anisotropy constant of a factor of two in the range between
1.9 and 5.5 nm. Here we describe in more detail the sample fabrication, sup-
port our interpretations with additional magnetic data and present structural
characterization to support our magnetic findings and interpretations.

2 Experimental: Sample Fabrication

Cluster-assembled nanostructures are prepared by embedding pre-formed pure
cobalt nanoparticles in co-evaporated copper matrices [5] at dilutions of<1 at.%
in order to avoid inter-particle interactions [6,7]. The Con cluster ions (n: num-
ber of atoms per cluster) are fabricated in a home-built magnetron sput-
ter/aggregation source and guided through several differential pumping stages
using different ion optical components.

Cobalt atoms are sputtered into the gas phase in a mixed argon/helium
atmosphere of typically ∼0.1 mbar and guided in a viscous flow towards the
tube exit which is an adjustable iris. During this time metal atoms condense
into clusters and as a rule of thumb the mean particle size is determined by
the time available for metal-metal collisions before being swept out of the
aggregation tube. The aggregation tube is kept at a positive potential with
respect to ground of typically +100-200 V, thereby defining the final kinetic
energy of the particles. The first potential difference, between the source tube
and a floating skimmer with 6 mm opening, has to be small in order to avoid
acceleration in this high pressure region, leading to heating and fragmentation
of the particles. Larger nanoparticles (>∼3 nm diameter) have, due to the high
kinetic energy obtained in the gas flow out of the aggregation tube and into
vacuum, a comparably small angular dispersion. They can easily be transferred
through the differential pumping stages via gentle electrostatic acceleration
and focusing with an Einzel lens. Smaller clusters leave the cluster source into
a bigger solid angle and their efficient transfer demands advanced guidance. In
this case we use a radiofrequency octopolar ion guide attached to the skimmer
in order to transfer them through the remaining high pressure region, thereby
increasing the cluster current by an order of magnitude. Although many of
the different source parameters show certain tendencies (e.g. bigger distance
between discharge and aggregation tube exit makes bigger clusters, opening
the iris at the aggregation tube exit reduces the pressure and makes them
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Fig. 1 (color online) Calibrated mass spectrum for cobalt clusters. Individual sizes are
distinguished up to above 140 atoms/cluster.

smaller, ...) we noted that namely the electric potentials used to guide the
beam through the following high pressure region crucially influence the mean
transmitted size, its dispersion as well as the cluster ion beam intensity.

The cluster ion beam is then deviated in an electrostatic bender towards
either a time-of-flight mass spectrometer (TOF-MS) for rapid in-situ charac-
terization or towards the deposition chamber containing a second quadrupolar
mass filter (QMS, used here as ion guide) as well as the sample holder with
detectors. The silicon substrate is mounted at 45◦ with respect to the cluster
beam so as to allow for the simultaneous deposition of the copper matrix. The
first step in the sample fabrication is the optimization of the cluster beam with
TOF-MS. Once the mean particle size is adjusted, the intensity is optimized
using the ion optical components. Typical obtained cluster ion currents on the
sample holder in this work were in the range 60-240 pA on a detector surface
of 3 mm2, which corresponds to particle fluxes of the order of 100 s−1µ m−2.
In order to calibrate the nanoparticle size, we record TOF mass spectra for
smaller sizes under otherwise identical conditions. An example mass spectrum
is shown in Fig. 1, displaying resolution up to n > 150 atoms/cluster. We have
cross-checked this calibration method using Transmission Electron Microscopy
(TEM). Note however that while the mean size of the nanoparticles actually
deposited is very well reproduced in TOF-MS, the size dispersion can vary
significantly. We attribute this to experimental conditions depending trans-
mission of the QMS and consequently focus in this work on the comparison
between magnetic and geometric size dispersions as derived from TEM, where
available.

3 Experimental Results

3.1 Structural characterization

One important question is that of the crystalline structure of the embedded
cobalt clusters. We have used electron microscopy in order to determine the
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Fig. 2 HR-TEM images and the respective Fourier transform patterns of cobalt nanopar-
ticles embedded in amorphous carbon. The particle diameters (mean of the two half axes)
and orientations are, respectively: a, b: 4.6 nm [0,0,1]; c, d: 5.0 nm [0,1,1] and e, f: 2.8 nm
[-1,1,1].

crystallographic structure of our nanoparticles. High Resolution TEM (HR-
TEM) has been performed using a FEI Titan environmental TEM at the Lyon
Center for Microscopy (CLYM). Here the nanoparticles were encapsulated in
a thin amorphous carbon layer. Amorphous carbon is much softer than cobalt,
we consequently do not expect it to impose a specific crystalline structure onto
the nanoparticles.

We have in the past verified for several matrix materials (including copper
and carbon) the coherence between the derived size distributions [8] and have
furthermore evidenced that magnetically dead metastable carbides at the in-
terface do not alter the geometric size and can be removed by heat treatment
[9]. All investigated particles with suitable orientation to allow indexing dis-
play fcc structure (sometimes polycrystalline), examples are displayed in figure
2. Note that some bigger particles, e.g. the one in figure 2a are twinned. How-
ever, no indication for multiply twinned (such as decahedral or icosahedral)
or for hcp structures was observed.

3.2 Magnetometry

We have prepared samples with mean sizes ranging from 1.9 to 5.5 nm in diam-
eter and measured their magnetic response as a function of applied field and
temperature. The experimental curves were fitted using the extended “triple
fit” procedure [10,11]. We notably fit the high temperature m(H,T ) curve
where all nanoparticles are in the superparamagnetic state together with the
zero-field cooled and field-cooled (ZFC/FC) susceptibility curves at small ap-
plied field (5 mT). A high level of confidence is obtained through the simulta-
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Fig. 3 (color online) Magnetic characterization of the 4.7 nm sample. Shown are the
experimental ZFC/FC curves at 5 mT and the m(H,T ) magnetization curve at T =300 K
(points) together with the fits (solid lines).

neous and consistent fitting of several entire curves with only a small number
of parameters: the number of particles in the sample (reflecting only the am-
plitude of the signal), the median magnetic diameter Dmag and its dispersion
wmag in a log-normal description, the effective anisotropy constant Keff and
a Gaussian anisotropy dispersion wK . Where available, the Isothermal Rema-
nent Magnetization curve (IRM) was simulated using the same parameters,
thereby indicating the possible presence of biaxial corrections to the magnetic
anisotropy [12]. An example set of curves is shown in figure 3. The obtained
values are shown in table 1.

4 Discussion

In table 1 a non-monotonous behavior of the magnetic anisotropy constant
Keff is immediately visible, Keff it shows a minimum around 3.5 nm and
increases from there for both decreasing and increasing sizes (cf. also fig. 4).
A closer look at the magnetic anisotropy energy [14] allows identifying the
contributions:

MAE = KeffV = Eshape + Esurface + EME + EMC . (1)

Here we see the effect of the particle shape in the classical shape anisotropy
energy Eshape and of symmetry breaking at the surface in Esurface. Additional
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Table 1 Parameters obtained from the simultaneous fitting of the magnetic data and from
the structural characterisation: the median magnetic diameter Dmag , its dispersion wmag,
the effective anisotropy constants Keff and its dispersion. Except for the sample with 4.7
nm diameter, where no IRM curve was measured, the ratio between the biaxial and the
effective anisotropy constant K2/Keff is obtained from simulations of the IRM curve at
2 K. The error values were estimated in a thorough study of the confidence limits of the fit
procedures [10,13,12]. Also shown are the mean aspect ratios c/a (see text).

Dmag (nm) wmag Keff (kJ/m3) wK K2/Keff c/a

1.9 ± 0.1 0.10± 0.01 218± 10 0.40± 0.1 0± 0.4 1.16
2.7 ± 0.1 0.20± 0.01 135± 10 0.40± 0.1 0.8± 0.4 1.16
3.2 ± 0.1 0.17± 0.01 114± 10 0.35± 0.1 1.3± 0.4 1.2
3.5 ± 0.1 0.17± 0.01 110± 10 0.35± 0.1 1.1± 0.4 1.24
3.8 ± 0.1 0.18± 0.01 154± 10 0.40± 0.1 1.0± 0.4 1.3
4.7 ± 0.25 0.20± 0.05 182± 15 0.10± 0.1 - 1.46
5.5 ± 0.1 0.13± 0.01 170± 10 0.35± 0.1 1.2± 0.4 1.6

terms take into account volume relaxation due to external stress (magneto-
elastic anisotropy EME) and the cubic magnetocrystalline anisotropy EMC .
This expression can be expanded into a power series of the magnetization
axes in space [15]. The shape anisotropy only contributes with a second order
term, the surface and elastic anisotropy contributions start at second, the
magnetocrystalline contribution at fourth order. As we have shown above our
particles are crystallized in fcc structures. The bulk magnetocrystalline fcc
anisotropy of 27 kJ/m3 [16] is, however, much too low to explain our findings.
We furthermore neglect the magnetoelastic term as the Young’s modulus of
cobalt of 209 GPa is much bigger that that of copper (117 GPa), all stress can
thus be relieved in the matrix rather than in the particle. This leaves shape
and surface anisotropy as possibly responsible for the observed size effects and
we now show how they can, respectively, explain the small and large size rise
in Keff .

We explain the rise in the effective anisotropy constant for the smallest
particles using the phenomenological model introduced by Néel [17]. Here a
pair interaction is described by one single parameter derived from magneto-
elastic constants, therefore intimately connected to lattice variations due to
relaxation as well as to symmetry breaking at the cluster surface. This model
has been successfully used to evidence the primordial role of additional facets
for the surface anisotropy [14]. We have calculated the effective anisotropy
for model fcc structures showing the increasing importance of additional crys-
talline facets with decreasing size for particles with diameters below approx-
imately 3 nm. A closed-shell truncated octahedron has no additional surface
anisotropy in this model but added facets contribute strongly. In figure 4 are
shown the experimental values for Keff in red as well as the calculated val-
ues for truncated octahedra with one additional facet along the [100] (blue)
or the [111] direction (green), respectively. The calculated effective anisotropy
constant increaes with decreasing size, in accordance with the experimental
findings, even though an additional facet contains less atoms for smaller par-
ticle diameters. The microscopy data we present here support our argumen-
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Fig. 4 (color online) Size dependency of the magnetic anisotropy constant. Values obtained
from fits to experimental data are shown in red, simulated values for one additional facet
along the [100] in blue or the [111] direction in green. The vertical bars are the errors derived
from the fits, the horizontal bars correspond to the dispersions obtained for the magnetic
cluster size.

tation by confirming the fcc structure used in the simulations. Note that the
magnetocrystalline anisotropy of nanometer sized cobalt particles has been
determined to 10 kJ/m3 [16] and is thus too small to explain our observations.
While we have not included the effect of twinning in our Néel model calcu-
lations, we estimate its impact to be minor, considering the decisive role of
the surface observed also in the calculations performed for multiply twinned
icosahedral structures [18]. Further improved calculations based on the Néel
model are nevertheless scheduled for near future.

Larger particles, with diameters >3 nm, display deviations from a spheri-
cal shape due to the cluster fabrication process. At increased pressures in the
aggregation tube particles grow not only by atom addition but also by clus-
ter coalescence in the gas phase, the observed geometric anisotropy increases
with particle size. We determined the aspect ratio c/a for a large number of
particles by fitting ellipses to TEM images and find a mean value 1.16 for par-
ticle diameters below approximately 3 nm, slightly bigger than unity due to
facetting and the discrete pixel structure of the microscopy images. For larger
particles we parametrize the aspect ratio as linearly increasing up to 1.6 for 6
nm diameter [4]. This aspect ratio can be then be converted to magnetic shape
anisotropy [19]. The size dependent variations of the effective anisotropy con-
stant Keff as a function of aspect ratio are displayed in figure 5 together with
the calculated shape anisotropy. We find that the increasing ellipticity with
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Fig. 5 (color online) Experimental variations of the magnetic anisotropy constant Keff as
a function of the aspect ratio c/a. The horizontal bars for the experimental data correspond
to the dispersions of the aspect ratio as estimated from TEM. The blue line shows the
calculated shape anisotropy constants.

increasing size can by itself explain the rise in effective magnetic anisotropy
for larger sizes. The surface anisotropy is, however, not entirely negligible and
leads to the observed difference between experiment and calculation. Note that
the dispersions of the magnetic size distributions have been deliberately chosen
as horizontal bars in order to represent the effective overlap between different
samples.

The two models used thus reproduce the observed trends. For small clusters
the nearly spherical shape means negligible shape anisotropy, the surface plays
a dominant role. Larger particles show, at least with our fabrication technique,
deviations from a sphere and thus a more and more important shape anisotropy
with increasing size. The minimum in the curve in figure 4 is determined by
the trade-off between the two contributions.

5 Conclusions

In this article we discuss size dependent variations of the magnetic anisotropy
of cobalt nanoparticles embedded in copper matrices. We clearly show by
HRTEM the fcc structure of the Co nanoparticles, thus allowing us to neglect
the magnetocrystalline contribution to the anisotropy, as predicted in our pre-
vious paper [4]. With the new experimental data on the magnetic anisotropy
the consistent picture is as follows: in small particles the contribution of sur-
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face anisotropy due to symmetry breaking caused by the addition of additional
atoms at the interface is dominant, all the more the smaller the particle is. For
sizes above >∼3 nm diameter this contribution levels off and here deviations
from a spherical shape lead to predominant shape anisotropy.
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