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‘We report on the magnetic properties of Co clusters (around 2.5 nm diameter) embedded in different matrices
(C, Au, and Cu). Firstly, we accurately determine the intrinsic magnetic properties of the particles, using highly
diluted samples where no interactions are detected, and a procedure relying on the theoretical description of
various magnetometry measurements, and we show how both the magnetic size and anisotropy can be impacted
by the nature of the matrix. Then, by considering nanoparticle assemblies of increasing concentrations, we
investigate the effects of interactions between particles. In order to account for the observed evolution of the
measurements, we propose a simple model where magnetic dimers are formed for distances lower than a given
interaction length (of the order of one nanometer). This superferromagnetic correlation, which can be consistently
inferred for each matrix, modifies the magnetic size distribution, which has a drastic effect as soon as particles

are close enough to each other.
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I. INTRODUCTION

Magnetic nanoparticles are of great interest in a wide range
of disciplines, including magnetic fluids, catalysis, biotechnol-
ogy/biomedicine, magnetic resonance imaging, data storage,
and environmental remediation [1-13]. Successful applica-
tions of such magnetic nanoparticles in the areas listed above
are highly dependent on the stability of the particles under a
range of different conditions. In particular, these nanomagnets
might be used as magnetic media in future high-density
magnetic storage devices with ultimate recording bits, i.e.,
a single nanoparticle or even a single atom [14]. Reading
and writing of such a system requires to know perfectly
its magnetic properties in particular its anisotropy constant.
It is then crucial to be able to characterize the magnetic
properties of nanoparticles, and to be able to separate the
intrinsic behavior from other effects coming from interparticle
interactions in an assembly.

In this paper, we present magnetic measurements of Co
clusters (around 2.5-nm diameter) embedded in different
matrices: carbon and two metallic matrices (Au and Cu).
After a section briefly describing the sample preparation
(Sec. II), we show that by using highly diluted samples, we can
reach a situation where no interactions are detected. As shown
in Sec. III, the intrinsic magnetic properties of the particles
can then be accurately determined thanks to a “global”
fitting procedure relying on the theoretical description of var-
ious magnetometry measurements [15-19]: low-temperature
(hysteresis) and high-temperature (superparamagnetic) m(H)
loops, zero-field cooled (ZFC)/field cooled (FC) susceptibility
curves, and isothermal remanent magnetization (IRM) curves.
We show how both the magnetic size and magnetic anisotropy
energy (MAE) can be impacted by the nature of the matrix.
Then, in Sec. IV, by considering nanoparticle assemblies of
increasing concentrations (still remaining in a diluted range,
lower than 10% in volume), we discuss the different effects of
interactions between particles on the magnetic measurements.
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In order to account for the observed evolution of the curves,
we propose a simple model where magnetic dimers are formed
for distances lower than a given interaction length. This
superferromagnetic correlation, which can be consistently
inferred for each matrix, thus modifies the magnetic size
distribution which has a drastic effect (in particular on ZFC/FC
curves) as soon as particles are close enough from each other.
The deduced interaction length (of the order of one nanometer)
is found to be larger for metallic matrices and could be
ascribed to RKKY interactions between neighboring magnetic
nanoparticles.

II. SAMPLE PREPARATION

Co clusters are preformed in the gas phase and deposited
using the low-energy cluster beam deposition (LECBD)
technique [20]. Briefly, clusters are produced in a laser
vaporization-gas condensation source. A 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 cluster growth. Then, the clusters are cooled down in
the supersonic expansion taking place at the exit nozzle of the
source. A low-energy cluster beam is obtained and particles are
codeposited under ultrahigh vacuum conditions (10~'° mbar in
static pressure condition and 10~® mbar during the deposition,
because of the ultra pure He gas) simultaneously with the
atomic beam of the matrix. Such a codeposition technique
avoids any oxidation of the clusters. The samples are formed by
Co nanoparticles around 2.5 nm in diameter and their diameter
probability density function (PDF) closely follows a log-
normal distribution. Another important feature of the LECBD
technique is that the clusters arrive on the substrate (5 x 5 mm)
in a soft-landing regime, following a random deposition
scheme. As a consequence, the interparticle distance is entirely
controlled by the cluster volume density [21]. This allows us
to easily adjust the strength of interparticle interactions down
to highly diluted samples and to study assemblies of almost
isolated clusters. The geometric size distribution of the incident
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FIG. 1. Particle size distribution (PDF) of the deposited Co
nanoparticles deduced from TEM observations (bars), compared to
the magnetic size distribution in each matrix (Au, Cu, and C) deduced
from the fits of magnetic measurements (see Sec. III). Here, the
particles have been deposited on the thin amorphous carbon film of
a commercial TEM grid, and subsequently capped with amorphous
carbon.

Co clusters, as deduced from transmission electron microscopy
(TEM) observations, is shown in Fig. 1, where it is compared to
the magnetic size distribution deduced from the magnetometry
measurements (see Sec. III).

All magnetic measurements have been performed in a
commercial superconducting quantum interference device
(SQUID) magnetometer (Quantum Design MPMS 5XL) at
various temperatures. The diamagnetic response of the silicon
substrate has been thoroughly characterized and all curves are
corrected for this contribution. Different protocols are used
to characterize the samples: m(H) loops at low and room
temperature, low-field susceptibility curves (ZFC/FC, with a
5-mT applied field) and isothermal remanent magnetization
(IRM) together with direct-current demagnetization (DcD)
curves at low temperature. These two kinds of closely related
measurements, where the initial configuration is different, only
probe the irreversible magnetization changes [19] and are used
to characterize the nature of interactions via the parameter
Am = DcD(H) — [mg — 2IRM(H)], with my the remanent
magnetic moment (after having saturated the sample). This
parameter should be equal to zero when interparticle interac-
tions are negligible [18,22]. An example of IRM, DcD, and the
corresponding Am curve is given in Fig. 2 for Co clusters in
a Cu matrix (with a 0.2% volume concentration): in this case,
there is no detectable magnetizing (Am > 0) or demagnetizing
(Am < 0) interactions between nanomagnets.

III. INFLUENCE OF THE SURROUNDING MATRIX FOR
NONINTERACTING PARTICLES

In this part, great care has been taken to minimize direct
(exchange) and indirect (RKKY and dipolar) interactions
between nanoparticles that prevent unambiguous determina-
tion of the Co clusters intrinsic magnetic properties. This is
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FIG. 2. IRM, DcD and Am curves at 2 K for the sample of Co
nanoparticles in a Cu matrix (0.2%). With such a dilution, there is
no detectable magnetizing (Am > 0) or demagnetizing (Am < 0)
interactions between nanomagnets. In inset, zoom on the Am curve,
which is at the background noise level.

achieved by using low-concentration samples (<1 vol.%),
which corresponds to a mean interparticle distance higher
than 7-nm center to center [21] (keeping in mind that the Co
nanoparticles diameter is around 2.5 nm). With these highly
diluted samples, we can verify that the condition Am =~ 0 is
always valid (see Fig. 2 for the example of a Cu matrix).

The high- (300 K) and low-temperature (2 K) magnetization
loops, ZFC/FC susceptibility curves, as well as the low
temperature (2 K) IRM curve are shown in Fig. 3 for
each matrix. The ZFC/FC curves display the characteristic
behavior of an assembly of magnetic nanoparticles, namely
a crossover between the low-temperature blocked regime
and the superparamagnetic regime at high temperature. At
first glance, the curves are modified according to the matrix
used. The ZFC peak temperature (T.x) and the coercive
field at low-temperature puoH. both vary by a factor three
depending on the nature of the embedding matrix (see Table I).
Just focusing on these particular points, a hasty conclusion
would suggest that the anisotropy constant is tripled in gold
with respect to carbon. However, a more reliable analysis
is possible thanks to a previously developed theoretical
framework enabling a “global” fitting procedure of the entire
set of magnetic measurements. Here we extend the already
powerful “triple” fit approach, where ZFC/FC curves and
a superparamagnetic magnetization loop are simultaneously
fitted with a semianalytical model [15,21,23], and also take
into account the low-temperature hysteresis loop and IRM
curve which bear distinct signatures of the particles magnetic
properties [17-19,24,25]. The magnetic measurements can
then be reproduced with a limited number of parameters used
to describe the nanomagnets (which behave as noninteracting
macrospins): the magnetic size distribution (lognormal with
a median diameter D,, and a dimensionless dispersion w),
the anisotropy constant distribution (assumed to be gaussian
with a median anisotropy constant K and a standard deviation
ok,), and the biaxial anisotropy ratio K, /K. The anisotropy
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FIG. 3. Experimental and simulated ZFC/FC susceptibility curves, superparamagnetic magnetization loop (at 300 K), IRM curve and
hysteresis loop at 2 K, for Co clusters embedded in different matrices: Au (0.5% vol.), Cu (0.2% vol.), and C (0.5% vol.)(from top to bottom).
For each matrix, the various curves are fitted with the same set of parameters. The consideration of a second order anisotropy term K, (the
corresponding 3D astroid is shown at the right for each matrix) and a distribution of anisotropy constant K; are required to reproduce all the
curves.

function is expressed as [26] no interdiffusion at the Co/Au, while for the Cu matrix, the
incident and magnetic size seem to be slightly different.

G(6,9) = —K| mf + sz%, (1) Besides this effect of the interface on the magnetic size of

’ the nanoparticles, we can detect a significant impact of the

with z the easy axis, y the hard axis, and x the intermediate axis. ~ Matrix nature on the magnetic anisotropy constant. This kind

m., and m , are the normalized magnetization projection on the of behavior is expected since hybridization at the nanoparticle
easy z and y axis (m, = M - e./|[M|)). The results deduced surface will depend on the atomic environment, thus modifying
from the global fit presented in Fig. 3 for each matrix are the electronic structure when the matrix is changed [26-30].
summarized in Table I and the magnetic size distributions are ~ Note, however, that the anisotropy values remain in the same

compared to the geometric PDF in Fig. 1. range for au the matrices. ' )
For the carbon matrix, one can see that the magnetic Let us insist on the fact that‘Tmax does not increase in

diameter is reduced by about 1 nm, which approximately ~ the same proportions as the anisotropy constant K (see

corresponds to two atom-thick magnetically dead layer (i.e., Table I). This can be understood because the shape of ZFC/FC

with a very low magnetic signal). Such an effect of the matrix curves is controlled by the distribution of magnetic anisotropy
has already been reported [16,26] and it had been shown that ~ €nergy that is, the product of the anisotropy constant and the
this dead layer can disappear by using an appropriate annealing ~ Particle magnetic volume. Therefore a slight variation of the
[16]. On the contrary, for the metallic matrices (Au and Cu), magnetic size distribution can significantly modify the MAE
the magnetic PDF is found to be in good agreement with distribution and hence the value of Tiax (position of the ZFC
the one obtained from TEM. This result proves that there is ~ Peak) [31]. These results emphasize that the use of Tin,x as an

TABLE 1. For each sample, ZFC peak temperature (7p,,), low-temperature coercivity (uoH.), median magnetic diameter (D,,), and
dispersion parameter (w) of the lognormal particle size distribution, median anisotropy constant (K;) and standard deviation (o,) of the
anisotropy constant distribution, and biaxial anisotropy ratio K,/K; determined by a global fit of the ZFC/FC suscpetibility curves, low-
temperature IRM curve, and m(H) loops at 2 and 300 K. The median diameter and the dispersion parameter were found to be 2.6 nm and 0.28,
respectively, by TEM.

Sample Tnax (K) o H,(mT) Dy, (nm) w Ki(kJ/m?) ok, (kI/m?) K>/ K,

Co: Au 17 85 2.8+£0.2 0.26 + 0.05 190 & 10 90 £ 10 1.340.1
Co: Cu 12 40 25402 0.27 +0.05 155+ 10 62+7 1.240.1
Co: C 6.5 25 2.1£0.2 0.31 4 0.05 115410 40+5 1.240.1
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indication of the magnetic anisotropy of nanoparticles can be
misleading.

The distribution of magnetic anisotropy constants K
(here assumed to be gaussian for simplicity) and the biaxial
contribution can be explained by the additional or incomplete
facets at the surface of the particles [32-34]. The relative
dispersion of anisotropy constant ok, /K is nearly the same
for all the matrices and is around 40%. In addition, there is
no modification (within the error bars) of the ratio K,/K;
depending on the matrix. This study indicates that, despite
all the matrix/interface effects, the magnetic anisotropy of
the particles seems to be dominated by the shape and crystal
structure of the particle surface, i.e., additional or incomplete
facets [33,34].

These measurements at very low concentration can be used
as references for studies on more concentrated nanoparticle
assemblies. Now that the intrinsic (i.e., free from interparticle
interaction) magnetic properties of the nanoparticles have been
determined, one can experimentally investigate the effects of
lowering the interparticle distance. In the next section, where
we will go from a highly diluted to a diluted regime, we will
thus consider the following questions: what is the required
dilution to avoid interactions? What are the signatures of
interactions? Is it possible to infer the intrinsic nanomagnet
properties from measurements on a sample with interparticle
interactions?

IV. SIGNATURE OF MAGNETIC INTERACTIONS

A major technological application envisaged for magnetic
nanoparticles is magnetic recording, since the storage capacity
can be greatly enhanced by the development of denser
assemblies. However, this can involve strong dipole-dipole
interactions between the particles, and in addition other kinds
of magnetic interactions may also be met (RRKY or exchange-
type interactions), depending on the nature of the media in
which the particles are embedded. This will modify the mag-
netic properties of a sample and, for concentrated assemblies,
collective behaviors can even be obtained (superspin-glass
for instance [35-37]). Only dealing with magnetic dipolar
interactions, the problem is already very complex due to
their anisotropic and long-range nature, so that there are
still unresolved questions concerning interacting assemblies
of nanomagnets. Many theoretical studies (often by Monte
Carlo simulations) have shown opposite effects: the relaxation
time can be increased or decreased, with switching energy
barriers that are raising or lowering [38—46]. Experimentally,
numerous studies have been conducted to determine the
influence of interactions on the magnetic properties of different
nanoparticles [47-64]. In general, the studies report a shift
of Tmax towards higher temperature when the strength of
the dipolar interactions is increased. The amplitude of this
variation and its dependence with the concentration vary
from study to study. For hysteresis loops, no definite pattern
emerges, the coercive field as well as the remanence to
saturation ratio m,/m; may increase or decrease depending
on the system investigated.

In a nanoparticle sample, the interactions can be modulated
by varying the distances between particles using different
methods: particles randomly diluted in a nonmagnetic material
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TABLE II. For each sample of Co particles diluted in Au,
ZFC peak position (Tp.x), coercivity (uoH.), and remanence to
saturation ratio (m,/m;) at low temperature (2 K), proportions of
magnetic dimers and trimers deduced from the best fits. The intrinsec
parameters are D,, = 2.8 nm and w = 0.26 for the lognormal size
distribution and K; = 190k m=3.

Sample Tmax Mo Hz? Xdim Xtrim
concentration (K) (mT) m,/mg (%) (%)
0.5% 17 85 0.38 2 0
1% 19 75 0.38 4.7 0.03
3% 28 75 0.38 15 4.5
4% 32 70 0.31 19 8

(dispersion in a solvent, a polymer or an inorganic matrix)
with a chosen concentration, multilayer samples of particles
layers with a chosen number of repetition and spacer thickness
[21,54], core-shell systems with a magnetic core surrounded
by a shell of varying thickness [65,66]. In our case, with
a co-deposition of preformed Co clusters in a matrix, the
particles follow a random soft-landing process and the inter-
particle distances distribution is well known [21]. In particular,
the mean nearest-neighbor (NN) distance can be directly
controlled by choosing the particle volume concentration in
the sample.

A. Results, example of the gold matrix

The study presented in the previous section allows us to
extract the intrinsic properties of Co nanoparticles in very
diluted samples (see Table I). In this section, focused on the
gold matrix, the concentration of nanoparticles is gradually
increased in order to accurately investigate the influence of
interactions on the magnetic measurements. Figure 4 shows the
normalized ZFC/FC, IRM/DcD, Am, and hysteresis loop at
2 K for samples of the same Co nanoparticles embedded
in a gold matrix with different concentrations (0.5, 1, 3,
and 4% vol.). These concentrations may appear quite low
in order to study the magnetic interactions, but let us note
that for a volume concentration of 3%, the Co clusters (of
2.8-nm diameter) would be only 8 nm apart from each other
(center-to-center NN distance) if they were placed on a cubic
lattice. In the present case of a random 3D deposition, there
is a distribution of NN distances and the average separation
is then reduced drastically to 4.5 nm [21], which means down
to around 2 nm edge-to-edge. One can then expect significant
interactions between neighboring particles, even if the mag-
netic volume in the sample only represents a few percents.
Since the incident particles are produced exactly in the same
conditions, they must have the same intrinsic properties (size
distribution and magnetic anisotropy constant), so that the
obvious modifications visible on the magnetic measurements
can be ascribed to interparticle interactions.

At first glance, one can see that the peak temperature Tiax
of ZFC curves increases significantly with concentration [see
Fig. 4(a) and Table II)], which may be viewed as a signature
of a MAE increase. Conversely, the maximum (low-7" limit)
of the FC curves decreases with concentration. On the
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FIG. 4. (a) ZFC/FC, (b) IRM/DcD, (c) hysteresis loop, and (d) Am curves at 2 K, for Co clusters embedded in gold with different

concentrations.

other hand, the coercive field remains almost unchanged
[Fig. 4(c)] and similarly the m,/m; ratio is constant except
for the sample with the highest concentration (4% vol.),
where it is equal to 0.31. Let us remind the reader that, for an
assembly of randomly oriented independent macrospins with
a uniaxial (or biaxial) anisotropy, the remanence to saturation
ratio at zero temperature is equal to 0.5 [67]. Therefore the
observation of a higher value (the ratio can only decrease
with temperature) can provide a direct indication that there
are interactions among the particles: this is often the case for
highly concentrated nanoparticle samples, which then behave
as magnetic films with inequivalent directions (easy in-plane
magnetization and hard out-of-plane direction). In the case
of our most concentrated sample, while we are certain to
have interparticle interactions, we still observe a reduced
ratio lower than 0.5, which proves that this criterion would
not be sufficient to conclude that interactions are negligible
in a given sample. On the contrary, the Am curves [see Fig.
4(d)] are found to be very sensitive to interactions: while for
the other magnetic measurements there are only marginal
differences between the 0.5% and 1% concentrations, the Am
of the 1% sample already starts to significantly depart from
zero. The negative peak in the Am curves (which is at most
around 10% of the m, value) indicates that the interactions are
rather demagnetizing and that their intensity increases with
the concentration. The corresponding changes are also visible
on the IRM and DcD curves, except for the two samples with
the highest dilution.

Because the nanomagnets deposited in the samples are well
characterized and identical in each case, we know for instance
that the observed modifications are not due to a change of
magnetic anisotropy constant (a hasty interpretation of the
Tmax shift could have been interpreted in such a way). In the
following, we will set up a simple model able to account
for the most striking changes (ZFC/FC modifications) while
keeping the intrinsic nanoparticle properties unchanged. We
will show that a short-range exchangelike interaction can
explain in a consistent way the experimental observations
on the low-field susceptibility curves. As far as the ZFC/FC
curves are concerned, dipolar interactions should have a minor
influence compared to this effect of magnetic dimerization.

B. Superferromagnetic dimerization

Let us focus on the susceptibility measurements: for higher
concentrations, the curves cannot be reproduced with the pa-
rameters determined from the most diluted sample (0.5% vol.).
Nevertheless, in the superparamagnetic regime, the curves
still follow a simple 1/7 evolution (Curie law), without any
need to introduce a temperature shift often used to account
for dipolar interparticle interactions (Vogel-Fulcher approach
[35,37,47,68]). This shows once again that, in the considered
concentration range, long-range dipolar interactions only have
a minor impact on the ZFC/FC curves.

Instead of trying to take into account the magnetic dipolar
interactions between the particles, we will first consider the
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FIG. 5. (a)—(c) Resulting magnetic diameter PDF, for samples of Co particles embedded in Au (1, 3, and 4% vol. concentrations), obtained
from a fit including magnetic dimers and trimers. The experimental and fitted ZFC/FC curves are shown in insert, the dashed lines correspond
to the fits using monomers only. The monomer size distribution is the same as the one deduced from the sample of the lowest concentration
(0.5%). (d) Statistical distribution of NN edge-to-edge distances for clusters with various concentrations (0.5, 1, 3, and 4% vol.), obtained from
numerical simulations. The interaction domain is represented by a colored area which extends up t0 degge-cage = £*: according to our model, Co
clusters separated by less than 1.2 nm are found to be strongly coupled (superferromagnetic dimerization) in the gold matrix.

possibility of having a modification of the magnetic size
distribution when the concentration is increased. This is
reasonable since (i) our study is limited to samples with
a quite low concentration (a few percent at most), (ii) the
magnitude of the Am peak also remains quite low (around
10% of m, at most), and (iii) slight modifications are also
observed on the superparamanetic m(H ) loops (see Ref. [69]),
which qualitatively correspond to an increase of the magnetic
size (whereas dipolar interactions in a random assembly has
the opposite effect [68,70,71]).

By increasing the concentration, the average distances
between the particles within the sample decreases. However,
one can go beyond the consideration of only the mean
NN distance, because we know that there is a statistical
distribution of interparticle separations. It can then happen
that two clusters are so close to each other that they cannot
be considered as individual nanomagnets anymore. In an
extreme case, we can even have clusters touching each other
so that they form a dimer (or trimer for three clusters etc.,
in this case, the edge-to-edge distance is zero) [23,72]. But
when two clusters remain physically separated, they can
still be close enough to strongly interact from a magnetic

point of view. Without considering for the moment the
origin of this interaction, which may be multiple (dipolar,
RKKY, exchange, etc.), one can assume that under a given
NN distance called interaction length, neighboring particles
will behave as a magnetic dimer (or trimer etc.). We will
refer to this phenomenon with the term superferromagnetic
dimerization: a superferromagnetic dimer is a pair of fully
correlated magnetic particles, which means that their magnetic
moments switch together and they behave as a single particle
(macrospin) with a volume equal to the sum of their individual
volume.

The theoretical distribution of NN edge-to-edge distance is
shown in Fig. 5(d) for the different concentrations. When par-
ticles are almost in contact (separation lower than interatomic
distances), they can physically merge and form a geometric
dimer. Following this idea, numerical simulations of coales-
cence (geometric dimer formation for random nanoparticles
in a box) have been performed on 3D sample with a cutoff
distance of 1 A for different concentrations of particles. As
an example, one finds that the proportion of geometric dimers
is only 2% in a sample with a 3% vol. concentration. This
only marginally changes the size distribution, which then
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cannot explain the significant shift observed for the ZFC peak
temperature.

However, as explained above, magnetic interactions be-
tween clusters are possible without contact. These complex
interactions strongly depend on the interparticle separation
and can be mediated by the matrix. A first (rough) attempt to
account for this phenomenon is to consider the formation of
a magnetic dimers when the edge-to-edge distance is lower
than a given interaction length £*. The value of £*, a priori
unknown, controls the amount of magnetic multimers for
each concentration (the proportion of monomers, dimers and
trimers are directly related to £* and the incident particle size
distribution). We then use simulations (particles randomly
deposited in a box, followed by a multimer formation step
when the NN distance, edge-to-edge, is lower than £*) to find
a consistent value of the interaction length, able to reproduce
the experimental ZFC/FC curves.

For Co clusters embedded in a gold matrix, this distance
is found to be £* = 1.2 + 0.4 nm (schematically indicated on
Fig. 5(d). The corresponding magnetic size distributions are
displayed in Fig. 5 for each dilution, with the decomposition
in monomer, dimer and trimer contributions. In the 0.5%
sample, this interaction length leads to the formation of ap-
proximately 2% of magnetic dimers, which does not noticeably
alter the original magnetic size distribution. For the other
concentrations, the proportions of dimers and trimers needed
to account for the magnetic measurements are presented
in Table II. These proportions can become significant: for
instance, there are around 20% dimers in the sample with
the highest concentration. Let us insist on the fact that ZFC
low-field susceptibility curves (shape and peak position) are
very sensitive to the magnetic size distribution of particles,
which is why multimer formation can be detected [23] even
if they are present with proportions of a few percents. This
sensitivity can then help to determine quite precisely the
interaction length is these nanoparticle assemblies.

It is remarkable that a single ¢* value is able to account
for the experimental measurements of four different sets of
ZFC/FC curves, as shown in Fig. 5. This gives us some
confidence about the ability of our crude model to capture
the essential features of the physical mechanisms involved in
the magnetic interparticle interactions, at least in the range of
low concentrations considered in the present study. For higher
concentrations, long-range dipolar interactions may play a
major role and collective effects can occur so that much more
complex models are needed.

C. Other matrices and discussion

A similar study has been performed in the other matrices.
Figure 6 presents the ZFC/FC and the Am curves for Co
NPs in a Cu and C matrix at different concentrations. The
Am parameter indicates that interactions (here, demagnetizing
since Am is negative) are no more negligible when the
concentration is above ~1% vol., while they are not detected
for the lowest concentrations of nanoparticles.

The evolution of the magnetic measurements as a function
of Co clusters concentration is qualitatively the same in all
the matrices. When concentration increases, the ZFC peak
position Ty, increases, the remanence to saturation ratio
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m, /mg (wWhich is lower than 0.5) decreases, and the intensity of
the Am (negative) peak increases. Nevertheless, the behavior
observed for particles in carbon is surprisingly very different
from the one in copper. While the Am peak of the most
concentrated samples has a similar magnitude (around 15%
of the m, value), the Ti,.x position is almost unchanged for
C whereas it is nearly doubled for Cu. This suggests that,
despite the fact that dipolar interactions are of comparable
intensity in both samples,l the modifications induced on the
MAE distribution are completely different. It seems that, for
carbon, increasing the concentration up to a few percents has
almost no impact on the ZFC/FC curves.

From what we have discussed earlier, one can think that
superferromagnetic dimerization is negligible in the case of
the carbon matrix. This illustrates the fact that the interaction
length £* may vary from one material to another. Moreover,
since one can observe significant demagnetizing interactions
(magnetic dipolar interactions) without formation of magnetic
dimers, this tends to prove that such a superferromagnetic
dimerization must rely on other types of interactions. One
can also add that dipolar interactions between neighboring
particles are, in the general case, not magnetizing (it depends
on the relative orientation of the clusters and of their magnetic
anisotropy landscape) so that it will not produce a strong
ferromagnetic correlation between NN nanomagnets.

As in the case of gold, from the fits of ZFC/FC curves,
one can trace back to the interaction length £* below which
two particles are strongly coupled. The simulated curves in
the different matrices using magnetic dimers are presented in
Fig. 7 (and Ref. [69] for Ge). We find two distinct behaviors.
For nanoparticles embedded in the Cu matrix, this distance is
£* = 1.3 £0.2 nm, which is very similar to the one found in
the Au matrix (1.2 nm). In nonmetallic matrices (Ge and C),
this distance is much smaller: 0.45 £ 0.2 nm in Ge and 0.25 +
0.2 nm in the carbon matrix. Thus the proportion of magnetic
dimers is much larger in metallic matrices. One can then think
that RKKY interactions (through conduction electrons of the
matrix) may be responsible for the superferromagnetic short-
range interaction.

The influence of such interactions has been put into
evidence in granular materials, made of magnetic particles
in a metallic matrix, especially in the context of granular
giant magnetoresistance (GMR) for samples with much higher
concentration of magnetic element than in the present inves-
tigation [49,55,73-76]. In many studies, the role of isolated
magnetic atoms diluted in the matrix has been underlined
for the mediation of a sizable RKKY interaction between
separated magnetic clusters, which could explain the intensity
of the interparticle interactions and the effect of temperature
(sample annealing). Let us note that in our case of preformed
clusters deposited (soft-landing regime) in a matrix, there
are no such isolated magnetic atoms in the metallic matrix,
contrary to what is obtained with atomic codeposition of a
nanogranular film. Beside signatures of RKKY interactions

'In the 4% C sample, the calculated effective dipolar field
(corresponding to the mean magnetic volume and the mean nearest-
neighbor distance) is equal to 88% (respectively, 53%) of that in the
3% (respectively, 5%) concentrated Cu sample.
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reported for high concentrations of magnetic material (10%
or higher), Herrera et al. [77] have recently attributed the
magnetic freezing at low temperature of diluted FeAg films (Fe
concentration between 0.3% and 1.5%) to RKKY interactions
between small Fe clusters (of a few atoms). However, the
particle size as well as the distribution of interparticle distances
are not well known is this study.

Itis well known that RKKY interactions display oscillations
(of decreasing amplitude) with the distance, with a change of
sign, i.e., corresponding either to a ferromagnetic or an anti-
ferromagnetic interaction. Interestingly, the interaction length
£* inferred from our magnetic measurements is similar to the
RKKY periodicity observed for multilayers (for instance, for
Co/Cu/Co, the periodicity experimentally found is around six
monolayers) [78,79]. Of course, the interactions between two
nanoparticles is much more difficult to describe than between
two single magnetic impurities or between two magnetic layers
with a metallic spacer.

There have been a few attempts of theoretical modeling for
the RKKY interaction between two magnetic nanoparticles,
showing that the oscillatory behavior is preserved [55,80—-86].
These theoretical results may be of limited applicability,
but realistic nanostructured samples remain unfortunately
far from the reach of first-principles calculations [55,83,86].
Nevertheless, Qiang et al. [55] have performed first-principles
calculations for 147-atom Co clusters in Cu and report that
“the ferro- and antiferromagnetic J;; for separation less than
2.5 nm are relatively large, i.e., of the order of the interatomic
Jij of bulk Co values and dominate over the magnetostatic
interactions”. However, according to some theoretical studies,
over a given particle size (of the order of 100 atoms) the
magnetostatic dipolar interaction should finally dominate the
RKKY one [81,84].

For real nanoparticle samples, one can then expect a very
complex interaction scheme, resulting from the combination
of exchangelike, RKKY and dipolar interaction, with a non
trivial dependance on interparticle separation and particle
size (and also the particle shape and orientation, etc.). The
resulting coupling will depend on the detailed structure at
the nanometer scale. Anyway, according to our experimental
results (interaction length in the different matrices), one can
assume that RKKY interactions are the major ingredient
of superferromagnetic dimerization in the metallic matrices,
although exchange may also play a role (as it was considered in
some theoretical studies [87,88]) and dipolar interactions can
also give a ferromagnetic coupling in some configurations.

It could seem awkward to resort to RKKY interactions
to account for a ferromagnetic interparticle coupling: RKKY
interactions are oscillating so that one should also have neigh-
boring particles displaying an antiferromagnetic coupling.
However, even if this can happen in the sample, we have
to keep in mind, first that the interaction intensity is rapidly
decreasing with the distance, and second that the resulting
magnetic moment for a pair of particles will be almost
zero (thus undetected in the magnetic measurements!). This
could explain the prominent influence of the ferromagnetically
coupled particles.

It may also be unexpected to claim that ferromagnetic
interparticle interactions are dominant while the Am curve
is negative, meaning that the interactions are demagnetizing.
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But in fact, the formation of magnetic multimers is here simply
equivalent to a modification of the magnetic size distribution
(a magnetic dimer behaves as a single larger particle), so that
it would not result in any Am contribution. One can also
add that the modifications on the IRM/DcD curves themselves
are mostly due to dipolar interactions, since they are not very
sensitive to the magnetic size distribution (at zero temperature,
the curves are strictly independant of the particle size [19])
and thus to the formation of magnetic dimers. On the contrary,
ZFC/FC curves are highly sensitive to slight modifications
of the magnetic size distribution [16,23,89] whereas dipolar
interactions will shift the ZFC peak position (7p,x) only if the
dipolar mean field is significant with respect to the anisotropy
field. Here, this dipolar mean field remains very small in the
case of ZFC/FC measurements (where the applied field is only
5 mT), while it can have a sizable impact at larger applied
magnetic fields. Note that, since there is no simple theoretical
description of IRM/DcD and hence of Am for interacting
nanoparticle assemblies, we could not quantitatively analyze
these experimental curves for samples displaying interactions.
In the end, one can consistently explain the different
magnetic measurements on Co nanoparticle assemblies, of the
various concentrations considered in the present investigation,
with the following features: (1) the existence of a short-range
ferromagnetic interaction (superferromagnetic dimerization,
certainly due to RKKY interactions) significantly modifying
the ZFC/FC curves; (2) the existence of long-range dipolar
interactions, having a negligible effect on susceptibility curves
(and hysteresis loops) but responsible for the Am signal.
Whatever the matrix, the long-range interactions (dipolar)
are always present as it is visible in the Am peak. On
the other hand, the superferromagnetic interaction length
£* (formation of magnetic dimers) depends on the matrix
nature. It has been possible to infer its value in each matrix,
thanks to our experimental approach where the very same Co
nanoparticles are diluted in a matrix with a concentration (and
thus interparticle distance distribution), which can be adjusted.

V. CONCLUSION

In summary, we have presented an accurate analysis of the
magnetic size distributions and of the magnetic anisotropy
constants for Co nanoparticles diluted in different matrices
[Au, Cu, and C, as well as Ge (Ref. [69])]. We have first
considered samples with a very low particle concentration,
in order to determine the Co nanoparticles intrinsic magnetic
properties. The absence of any detectable interparticle inter-
action has been carefully verified. We find that, in the metallic
matrices, the inferred diameter distributions are consistent with
the one determined by transmission electron microscopy, while
a dead layer is present in the case of the C matrix. In addition,
thanks to a combined fit of several magnetometry curves,
the presence of a biaxial anisotropy and of a distribution of
magnetic anisotropy constants has been put into evidence.
Different values are found depending on the matrix, which
emphasizes the role of the interface.

The modifications of the magnetic curves as a function
of the nanoparticle concentration have then been discussed.
For concentrations higher than typically 1% vol., interactions
are unambiguously detected (through Am measurements) and
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the experimental curves can be strongly altered, although the
incident Co particles still have the same intrinsic properties.
Here again, the situation is different for each matrix. We
finally show that, for the considered range of concentration,
the ZFC/FC curves also reflect the intrisic properties of
nanoparticles if the formation of magnetic dimers is taken
into account: a superferromagnetic dimerization is supposed
to occur between neighboring particles at a distance lower than
the interaction length ¢*. This distance can be consistently
inferred from measurements on a set of particle assemblies
of different concentrations. The interaction length is found
to be around 1.2 nm in the metallic matrices, a distance
compatible with RKKY interactions, while it is much smaller
in Ge and C. This phenomenon, modifying the effective
magnetic size distribution when concentration is changed, has

PHYSICAL REVIEW B 95, 134446 (2017)

a major impact on the magnetic measurements (especially
ZFC/FC curves). Our approach, where the very same Co
nanoparticles are diluted in a matrix with a concentration (and
thus interparticle distance distribution) that can be adjusted,
provides an original and quite unique way to experimentally
probe interparticle interactions (both short-range and long-
range) between nanomagnets.
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