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We report on the magnetic properties of Co clusters embedded in four different matrices �Ag, Au, Si, and
amorphous carbon�. The recently developed “triple fit” method for treating conventional magnetometry data
allows, together with micro-superconducting quantum interference device ��-SQUID� investigations, the de-
tailed study of the influence of the surrounding matrix on the magnetic volume and the magnetic anisotropy of
Co nanoparticles. While interdiffusion between matrix and Co atoms cannot be excluded in Si and amorphous
C matrices, the structure of clusters embedded in the metallic matrices remains intact. Ag and Au matrices
increase significantly the magnetic anisotropy energy of the Co clusters. �-SQUID experiments indicate that
the magnetic anisotropy of embedded clusters is not affected by a magnetically dead layer and that an aniso-
tropy dispersion must be taken into account for size-selected nanoparticles.
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I. INTRODUCTION

Magnetic nanoparticles have attracted a lot of attention
both for their fundamental interest as well as for their poten-
tial applications. In particular, these nanoparticles might be
used in future high-density magnetic storage media.1 How-
ever, on the nanometer scale, the magnetization direction of a
particle below a certain size fluctuates at ambient tempera-
ture, the particle is superparamagnetic. One of the main chal-
lenges in this field of research is the attempt to push the limit
of superparamagnetism2 toward as small as possible particles
by increasing the nanoparticle’s magnetic anisotropy energy
�MAE�.3

This MAE has two principal contributions. On the one
hand, the volume anisotropy is mainly determined by the
particle’s crystallographic structure via the magnetocrystal-
line anisotropy. But high-symmetry structures such as fcc do
not favor a high magnetocrystalline anisotropy in Co
nanoparticles.4 On the other hand, the surface anisotropy has
two origins. First, as the lower coordinated atoms at the sur-
face are in a less symmetric environment, they enhance the
MAE as compared to the bulk.4,5 Second, the contact with a
nonferromagnetic matrix can induce an interfacial aniso-
tropy, whose origin depends on the detailed electronic struc-
ture of the nanoparticle and the matrix. For example, in the
case of metallic matrices, the interfacial anisotropy is due to
the spin-orbit coupling and hybridization between cluster and
matrix orbitals, as already shown in Co/Pt multilayers6 or Co
clusters embedded in Pt matrices.7

In this study, we present magnetic measurements of non-
interacting Co clusters embedded in four different matrices:
amorphous carbon �a-C�, semiconducting silicon, and two
noble-metal matrices �Ag and Au�. Using the “triple fit”
method,8 we show that both the MAE and the median mag-
netic diameter of well-characterized clusters assemblies
change drastically depending on the matrix nature. In order

to try to determine the intrinsic MAE distribution, we com-
pare these data to low-temperature micro-superconducting
quantum interference device ��-SQUID� measurement on in-
dividual Co clusters in an a-C matrix.

II. SAMPLE PREPARATION AND CHARACTERIZATION

Samples are prepared from preformed gas-phase clus-
ters following the low-energy cluster beam deposition
technique.9 Briefly, metal clusters are produced in a laser
vaporization-gas condensation source. The plasma is created
by the impact of a Nd:YAG �yttrium aluminum garnet� laser
beam focused on a Co rod, and thermalized by injection of a
continuous flow of helium at low pressure inducing the clus-
ter growth. Next, the clusters are cooled down in a super-
sonic expansion at the exit nozzle of the source. The ob-
tained low-energy cluster beam is then codeposited together
with the atomic beam for the matrix under ultrahigh-vacuum
conditions �10−10 mbar static pressure, 10−8 mbar He during
deposition�. This codeposition technique protects metal clus-
ters from oxidation and allows us to independently adjust the
cluster size and concentration.

As shown in Fig. 1, the diameter probability density func-
tion �PDF� of the deposited clusters, as deduced from
transmission electron microscopy �TEM� observations,
closely follows a lognormal curve with a relative sharp dis-
persion,

PDF�D� =
1

w�2�

1

D
exp�−

1

2
� log�D/Dm�

w
�2� .

The derived median diameter is Dm= �3.2�0.1� nm and the
dispersion is w=0.3�0.05.

Further sample characterization was obtained by Ruther-
ford backscattering spectrometry �RBS� in order to quantita-
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tively check the atomic composition �Co	/�C	. The analysis
was performed with 4He+ ions of 2 MeV energy delivered by
the 4 MV Van de Graaff accelerator of the Nuclear Physics
Institute of Lyon �IPNL�. The backscattered particles were
detected with a 13 keV resolution implanted junction set at
an angle of 172° with respect to the beam axis.

Figure 2 shows the RBS spectrum recorded on a Co:a-C
sample. The signals related to carbon and cobalt species are
clearly visible. The presence of sharp steps, with uniformly
varying plateaux, indicates a low surface roughness and a
good homogeneity in depth. Within the analysis accuracy, no
significant contamination with oxygen can be depicted in the
film. With the help of the SIMNRA simulation code,10 we
extracted from the experimental data the average stoichiom-
etry Co0.01C0.99, in good agreement with the expected volu-
mic composition of the sample.

Great care has been taken to minimize direct and indirect
interactions between nanoparticles that prevent unambiguous
interpretation of magnetization data.8,11 It has been found
crucial to truly codeposit clusters and matrix atoms in a ran-
dom three-dimensional film since samples prepared by alter-

nating cluster and matrix layers often display significant de-
viations from superparamagnetic behavior due to magnetic
interparticle interactions. The results shown here were ob-
tained for samples with 1 vol % Co, a dilution that did not
display any signs of interaction for nanoparticles of the size
used here �around 3 nm� even in the most sensitive triple fit
treatment, as detailed below.

Based on the nanoparticle diameter PDF and the concen-
tration, we simulated the random composition of our samples
in order to quantify the mean interparticle distances, crucial
for an estimation of interactions.

This simulation presented in Fig. 3 shows that the clusters
are well separated and yields a mean distance between near-
est neighbors of 7.9 nm center to center and 4.5 nm surface
to surface. The ratio of clusters in direct contact �distance
lower than 0.14 nm� is close to 0.35%. We consequently

FIG. 1. TEM images of �a� nonsize-selected and �b� size-
selected Co clusters embedded in amorphous carbon. The inset dis-
plays the deduced size histograms, together with the best fits corre-
sponding to a lognormal and Gaussian size distribution. The fit
parameters are Dm= �3.2�0.1� nm and w=0.3�0.05 for �a� and
Dm= �4.0�0.1� nm and w=0.09�0.01 for �b�.

FIG. 2. �Color online� RBS spectrum �red points� and corre-
sponding SIMNRA simulation �blue points� of the Co:a-C sample on
a Si substrate.

FIG. 3. �Color online� Simulation of our samples: 1% Co ac-
cording to the cluster diameter PDF as derived from TEM, ran-
domly arranged in a box with 50 nm edges. The colors illustrate the
particle size.
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neglect interparticle interactions, which is also confirmed by
the magnetic measurements described below.

III. RESULTS

A. Magnetometry

All the magnetic measurements have been performed us-
ing a superconducting quantum interference device �SQUID�
magnetometer �Quantum Design MPMS 5 XL� at various
temperatures. The diamagnetic response of the silicon sub-
strate has been thoroughly characterized and all curves are
corrected for this contribution. Note that the particle en-
sembles studied here are not necessarily fully saturated at
300 K and 5 T.

The high-temperature �300 K� hysteresis loops �see Fig.
4� do not show any coercivity, which is typical of an assem-
bly of superparamagnetic particles. On the other hand, mag-
netization loops at low temperature �2 K, not shown� exhibit
coercivity and a remanent magnetic moment. In accordance
with the Stoner-Wohlfarth model for an assembly of ran-
domly oriented macrospins without interactions, the ratio be-
tween remanent and saturated magnetization is lower than
0.5 �Ref. 12� for parallel and perpendicular orientation of the
applied magnetic field with respect to the sample plane. A
further corroboration for independent superparamagnetic
macrospins is the fact that the magnetization curves at T
�200 K overlap when plotted as a function of H /T. We
would like, however, to stress the fact that these simple
checks, while necessary, are not sufficient to exclude inter-
actions. We have found our triple fit method �see below� to
be much more sensitive to deviations from pure superpara-
magnetic behavior.

We have also performed magnetic-susceptibility measure-
ments following the zero-field-cooled/field-cooled �ZFC/FC�
procedure in order to quantitatively determine the anisotropy
constant for Co nanoparticles embedded in different matri-
ces. As can be seen in Fig. 4, the ZFC curves show the
transition from the ferromagnetic to the superparamagnetic
regime, as evidenced by a susceptibility peak around a given
temperature Tmax.

B. Micromagnetometry

In order to further narrow down the different possible
influences of the surrounding matrix on the magnetic aniso-
tropy of embedded clusters, we have also performed mea-
surements of individual particles using the micro-SQUID
technique.5 Here mass-selected Co clusters13,14 were depos-
ited at very low density ��1 at. %� in a carbon matrix on
top of a superconducting Nb film. These samples were sub-
sequently patterned into �-SQUIDs. The magnetic flux cou-
pling of clusters located directly above the Josephson junc-
tions is strong enough to detect the individual magnetization
reversals induced by an applied magnetic field, using the
micro-SQUID as a sensor. The angular dependence of the
static switching field at low temperature �T=35 mK� closely
follows the predicted Stoner-Wohlfarth astroid �see Fig. 5�,
in good agreement with a uniform rotation of the cluster
magnetization.15 Astroids of four different nanoparticles can

be discerned, all of them with their easy axes in or close to
the sample plane.

Note that the mass-selected clusters used for this experi-
ment correspond to a narrow slice cut out of the size distri-
bution as generated in the cluster source. Since this slice

FIG. 4. �Color online� Fig. 2—ZFC/FC curves taken at 5 mT
and hysteresis loops at 300 K of the Co clusters embedded in �a� C,
�b� Si, �c� Au, and �d� Ag matrices. The solid lines correspond to the
adjustments using the triple fit. Variations in signal amplitude are
due to variations in sample thicknesses and surface areas.
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corresponds to a fraction of the large diameter tail of the
distribution, an increased mean aspect ratio of around 1.4 has
been determined by TEM �Ref. 16� �cf. Fig. 1�, as opposed to
a mean value of 1.1 for nonsize-selected particles. A possibly
increased influence of shape anisotropy with respect to the
nonmass-selected distributions is discussed in Sec. IV C.

IV. DISCUSSION

A. Magnetic size distributions

In order to determine the magnetic diameter probability
distribution function �PDF�Dmag�	 and the anisotropy con-
stant �Kef f� of the Co clusters, we have used the triple fit
procedure.8 In this model, the entire ZFC/FC and m�H�
curves at 300 K are adjusted simultaneously using a
semianalytical model that takes into account the magnetic
particles size distribution and the dynamic temperature
sweep during the ZFC/FC protocol. The only adjustable pa-
rameters are the number of clusters in the sample, those of
the magnetic diameter probability distribution function
�PDF�Dmag�	 and an effective anisotropy constant �Kef f�. The
corresponding energy barrier of a cluster with a volume Vmag
is simply written as Eani=Kef fVmag. The fits to the experi-
mental curves are presented in Fig. 4 whereas Fig. 6 shows
the PDFs�Dmag� obtained from the adjustments for the four
matrices.

�1� Au and Ag matrices: the PDFs�Dmag� for Co clusters
in Au and Ag matrices are in good agreement with the
PDF�D� obtained from electron microscopy as shown in Fig.
6. This result proves that there is no interdiffusion at the Co
and Au or Ag interfaces. At the nanometer scale as in the
bulk phase Co and Au/Ag are immiscible.17

�2� Si matrix: Co clusters in a Si matrix display a
PDF�Dmag� with a median shifted toward a smaller value as
compared to the PDF�D� established by TEM. In the bulk
phase, Si and Co are miscible, hinting toward atom exchange
at the interface. This interdiffusion can lead to a non mag-

netic alloy layer and thus a decrease in the magnetic diam-
eter, as previously observed in Nb matrices.4

�3� a-C matrix: whereas Co and graphitic carbon are im-
miscible in the bulk phases, a comparable shift of magnetic
median diameter as in the Si matrix is observed. It has to be
borne in mind, however, that our samples are not in thermo-
dynamical equilibrium and the formation of a nonmagnetic
carbide shell around the cluster cannot be excluded.18 From
the PDF�Dmag� and the total number of clusters in the
samples, we can directly determine the number of magnetic
Co atoms in the sample �1.05�1015� and compare this num-
ber to the RBS measurements �2.7�1015�. The difference
corresponds approximately to 1.5 magnetic dead layers. This
result is in good agreement with the difference between the
diameter distribution obtained by TEM and the magnetic di-
ameter distribution obtained by the triple fit method and al-
lows us to confirm the existence of a nonmagnetic diffuse
interface between Co clusters and the amorphous carbon ma-
trix. The different experimental and adjustment parameters
are summarized in Table I.

B. Magnetic anisotropy constants

First of all, it can be seen in Table I that Tmax does not
increase in the same manner Kef f. Moreover, the values for
Ag and Au matrices show that even a slight variation in the
size distribution median can significantly change the ZFC/FC
curves and therefore Tmax. These results underline that using
only Tmax as an indication for the magnetic anisotropy of
embedded or deposited nanoparticles is deceptive.8 In detail,
the value Tmax is defined by the distribution of anisotropy
energies of the ensemble of probed particles, which itself
depends on the anisotropy constant and the magnetic volume
through Eani=Kef fVmag. The effective anisotropy constant in
metallic matrices as derived from the triple fit is larger than
that for Si and a-C matrices.

Only minor deviations from spherical shapes have been
observed for the nonsize-selected ensembles discussed here
�mean aspect ratio of 1.1�. Consequently, no shape aniso-
tropy is taken into account in this part of the discussion.
Previous investigations have shown that the major contribu-

FIG. 5. �Color online� Critical curves of clusters embedded in
amorphous carbon matrix at T=35 mK. Measurements of clusters
in the same �-SQUID �dots� and fitted astroids �line�. The uniaxial
anisotropy constants are equal to �1� 194 kJ /m3; �2� 130 kJ /m3;
�3� 76 kJ /m3, and �4� 109 kJ /m3.

FIG. 6. �Color online� Magnetic diameter PDFs deduced from
the fitted ZFC/FC and m�H� curves, for the Au, C, Si, and Ag
matrices. The bar plot shows the PDF derived from TEM.
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tion to the cobalt cluster’s surface anisotropy comes from
additional or incomplete facets of the clusters.4,5 Therefore,
two explanations are possible in order to explain the varia-
tion in Kef f. On the one hand, atomic intermixing or alloying
reduces the crystalline and thus also the magnetic particle
diameter. On the other hand, electronic hybridization has
been shown to either increase or decrease the magnetic mo-
ment and more specifically the orbital moment of interface
atoms,19–22 depending on the detailed chemical and elec-
tronic structure at the interface. We will now also consider
�-SQUID measurement on individual mass-selected Co
clusters in an a-C matrix.

C. �-SQUID experiments

According to the Stoner-Wohlfarth model of magnetic an-
isotropy in two dimensions, the switching field Hsw of
uniaxial clusters at 0 K along the easy axis directly repre-
sents the cluster anisotropy field HA.12 This switching field
can be measured for different applied magnetic field direc-
tions at 35 mK with the �-SQUID technique. The second-
order anisotropy constant term Ku can then be extracted fol-
lowing �0HA=2Ku /Ms. Note that at very low temperatures,
the switching field does not depend on the nanoparticle size.
It can, however, be shown that the anisotropy depends on the
detailed crystallinity of the particles and that supplementary
facets can induce variations in up to 300 kJ /m3 �Ref. 4�
between clusters with less than 4% difference in the number
of atoms. This effect is independent of the demagnetizing
shape anisotropy. Consequently, Fig. 5 shows switching field
astroids for four individual clusters in the same sample, cor-
responding to anisotropy values between 76 and 194 kJ /m3.
Note that the use of a �-SQUID permits a direct verification
of the assumption of uniaxial anisotropy and allows the im-
mediate determination of the anisotropy without any assump-
tions or fit procedures.

This implies that even though interface intermixing can
lead to a reduction in the size of the embedded clusters, plus
a possible homogenization of particle shapes, considerable
variations in Ku remain. Although we must take into account
the fact that the increased aspect ratio of the clusters used in
this experiment can result in shape anisotropies of the same
order of magnitude,4 we can clearly derive that a magneti-
cally dead layer does not significantly influence the intrinsic
dispersion of anisotropies. We attribute this dispersion to ad-

ditional and/or incomplete facets of the nanoparticles that
remain dominant for the magnetic anisotropy despite any
matrix effects. We expect electronic effects as well to
be most important for the additional facets since their
atoms are less coordinated. We cannot, however, at the
moment clearly differentiate between the two possible rea-
sons for the reduced magnetic diameter: electronic quench-
ing, atomic interdiffusion, or a combination of the two.
To this date no data on the magnetic anisotropy of gas-
phase clusters are available, it is thus not possible to differ-
entiate whether the metallic matrices increase the intrin-
sic anisotropy or whether it is rather the nonmetallic envi-
ronments that decrease this value. Clearly, theoretical calcu-
lations of isolated and embedded magnetic clusters are
needed.

Note that the values for Ku as derived from the astroids
are in good agreement with the value from the triple fit ad-
justment, which is a mean over the whole nonsize-selected,
more spherical ensemble. This is an indication that shape
anisotropy cannot be the dominating contribution to the de-
rived anisotropy of embedded clusters. Preliminary results
on size-selected clusters indicate that in fact a certain disper-
sion of anisotropy constants is needed for a correct reproduc-
tion of the magnetization data, a fact that is masked by the
still comparably large dispersions of cluster sizes used in the
experiments presented here. This observation is in agreement
with the observations from micromagnetometry.

V. CONCLUSIONS

We have performed conventional magnetometry experi-
ments on well-defined and interaction-free Co clusters em-
bedded in four different matrices �Ag, Au, Si, and amorphous
C� and adjusted the data following our triple fit method. In
this way, we extract accurate values for the magnetic size
distributions as well as of the magnetic anisotropy constants.
These investigations are extended by �-SQUID experiments
on individual size-selected Co clusters in a-C.

We find that the two metallic matrices form neat inter-
faces with the nanoparticles, the derived diameter distribu-
tions are consistent with those determined by electron mi-
croscopy. Both Si and a-C matrices reduce considerably the
median magnetic diameter of the nanoparticles, either
through alloying or electronic quenching. On the other hand,

TABLE I. Maximum of the ZFC susceptibility curves �Tmax�, ratio of remanent to saturation magnetiza-
tion �mr /ms� at 2 K, magnetic anisotropy constant Kef f, and magnetic size parameters �median diameter Dmag

m

and dispersion w� as deduced from triple fit adjustments of SQUID measurements. For comparison, Dm and
w as determined from TEM observations are 3.2�0.1 nm and 0.30�0.05, respectively. The last column
gives the values of the low-temperature coercivities.

Tmax

�K� mr /ms at 2 K
Kef f

�kJ /m3�
Dmag

m

�nm� w
�0Hc at 2 K

�T�

Co:Ag 34 0.42�0.03 174�8 3.3�0.1 0.29�0.02 0.065�0.005

Co:Au 27 0.44�0.03 178�8 3.2�0.1 0.26�0.02 0.07�0.005

Co:Si 14 0.40�0.03 102�5 2.5�0.1 0.34�0.02 0.045�0.005

Co:a-C 10 0.35�0.03 105�5 2.3�0.1 0.33�0.02 0.04�0.005
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the two metallic matrices used increase the mean magnetic
anisotropy constant by more than 50%.

The micromagnetometry experiments yield large varia-
tions in the anisotropy for clusters embedded in a-C. This
observation shows that despite all matrix effects, atomic or
electronic, the magnetic anisotropy of embedded clusters is
still dominated by the detailed shape and crystalline structure
of the interface, i.e., additional facets.
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