Magnetic nanoparticles through organometallic synthesis:
evolution of the magnetic properties from isolated nanoparticles
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Co and NiFe nanoparticles (2.7 to 3.3 nm mean diameter) of narrow size distribution have
been obtained through the decomposition of organometallic precursors in organic
solutions of long alkyl chain ligands, namely oleic acid and hexadecylamine. Materials of
various volume fractions were produced. The particles have been structurally characterised
by WAXS. Both adopt the bulk structure: HCP in the case of cobalt; a mixture of FCC
and BCC for NiFe. Their aptitude to self-assemble either on ﬂat supports or in bulk solid
state has been investigated by means of TEM and SAXS. This study suggests the
crystallisation of the nanoparticles upon solvent evaporation, especially a local FCC
arrangement was observed for the NiFe material. Magnetic measurements (SQUID)
conﬁrm this tendency. The blocking temperature depends on the metal volume fraction, i.e.
on the anisotropy generated by the dipolar couplings (Ki). We show that, for dense
samples, the particles of high intrinsic anisotropy, Ku , (Co) still display an individual
behaviour while the soft ones (NiFe) display a collective behaviour.
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I.

Introduction

Driven by potential applications in optics,1 electronics2 or magnetic data storage,3 an important
research eﬀort has been directed towards the study of size controlled nanoparticles. Size reduction
eﬀects have been intensively studied on assemblies of isolated nanoparticles. However, packing of
nanoparticles, which is mandatory in many applications, may greatly modify their individual
behaviour.4 For example, dipolar couplings or even exchange couplings may arise between magnetic particles.5 If strong exchange or dipolar couplings take place, the magnetisation reversal
process changes from rotation controlled to domain-nucleation controlled and thus a particle
cannot be used as a unit cell for data storage. New magnetic behaviours are also expected for 2D
assemblies: depending on the kind of arrangement the nanoparticles adopt on the surface, the
dipolar interactions may be either demagnetising or magnetising, leading in the latter case to a
ferromagnetic behaviour of the nanoparticle assembly.6 Hence the control of the organisation of
nanoparticles whether it is a self-assembly,7 or induced by a speciﬁcally designed functionalisation
of the particles8 is very challenging.
One strategy to obtain regularly organised nanostructures is the synthesis of nanoparticles
surrounded by ligands that promote their self-assembly, in general after size selection (to reduce the
size dispersion to less than 5%), and help to control the distance between the nanoparticles.9 Sun
and Murray10 have, for example, reported a high temperature preparation of 9 nm cobalt nanoparticles displaying a long-range self-organization. This method has been extended to the synthesis
of Fe/Pt particles in order to increase the magnetic anisotropy of the materials with the goal of
producing high-density memories.11 Cobalt nanoparticles that self-assemble into 2D superlattices
have also been reported by the group of Pileni by reverse micelle synthesis.12 Recently, formation
of 3D crystals of Co3Pt and FePt nanoparticles has been achieved by very slow diﬀusion techniques
by Rogach et al.13
The coordination of the ligands to the nanoparticles surface must not alter the intrinsic speciﬁc
physical properties of the particles nor those induced by their nanometric size. This latter point is
important in order to take advantage of both the intrinsic and collective properties for future
applications.
Our group has developed an organometallic route towards the synthesis of metallic nanoparticles
(such as Pt, Ru, Rh, Cu, In, Zn, PtRu, PdCu . . .) of narrow size distribution.14 This method has
also been applied to the synthesis of magnetic nanoparticles of Co,15 Ni,16 or even bimetallic ones
such as CoPt,17 CoRh.18 This method is based on the decomposition of an oleﬁnic complex
under a controlled atmosphere of H2 in mild conditions of pressure. It was shown that the surface
of the nanoparticles is free of contaminating agents: the magnetic properties are identical to those
observed for nanoparticles produced and studied in ultra high vacuum.19 Furthermore, we have
demonstrated that s-donor ligands such as amines or carboxylic acids do not alter the magnetic
properties of the nanoparticles.20 They are thus good candidates for the synthesis of ligand
stabilised magnetic nanoparticles.
We report here the synthesis of magnetic Co and NiFe nanoparticles with sizes from 2.7 to 3.3
nm, stabilised by oleic acid or hexadecylamine and their structural characterisation by TEM and
WAXS. We also discuss their self-assembly into 2D or 3D super-structures and long-range
ordering on the basis of TEM and SAXS. We ﬁnally focus on the magnetic properties of the
nanoparticle assemblies, especially those arising from magnetic couplings, and their eﬀect on
the eﬀective anisotropy of the system, with respect to the average particle–particle distance, and to
the organisation of the particles in the materials.

II.

Synthesis and structural characterisation

Synthesis of magnetic nanoparticles is a diﬃcult process. Thus, in addition to the control of the size
and size distribution, magnetic couplings that tend to favour the agglomeration of the particles
have to be dealt with. Moreover, the magnetic properties of such small particles highly depend on
their surface state and the metals involved are extremely reactive towards dioxygen. A careful
choice of the stabilising ligands and of the synthesis conditions is thus required. As already stated
above, amines and carboxylic acids do not modify the surface magnetism of the particles.
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Furthermore they have already been used to promote self-assembly of various nanoparticle systems21 and exist with suﬃciently long chains to avoid exchange coupling between the magnetic
particles. Among the possible metal precursors, organometallic complexes with oleﬁn or polyoleﬁn
ligands are the more interesting since they decompose easily and generate bare metal atoms and
only alkanes as by-products. Oleﬁnic precursors of cobalt: Co(C8H12)(C8H13), synthesized
according to published procedures22 and nickel: Ni(C8H12)2 , have been used here to synthesize
magnetic nanoparticles of Co and, in association with Fe(CO)5 , NiFe nanoparticles. These precursors have already proven to be well adapted for the synthesis of size controlled nanoparticles.15,16,20,23
Two distinct procedures have been used. The cobalt precursor is very reactive and usually
decomposes at room temperature. However, Co nanoparticles were obtained through hydrogenation (3 bar H2) of the precursor in anisole, in the presence of oleic acid at 150  C.24 Very fast
decomposition is observed. This, associated with a high nucleation rate ensures the formation of
small particles. The decomposition leads only to cyclooctane as by product. The ﬁnal material was
recovered either by evaporation of the solvent and alkane to dryness Co1, or after precipitation of
the concentrated crude solution into excess pentane Co2. The objective of the precipitation step was
not to select the size of the particles but to get rid of excess ligand. Accordingly, compound Co1 has
very low cobalt content (10.4%) when comparing to Co2 (48.8%). Moreover, some shadowy
regions, corresponding to excess ligand, can be observed on the TEM25 images of Co1 (see Fig. 1).
On the contrary, the decomposition of the iron precursor requires thermal activation, even in the
presence of the nickel organometallic complex. Furthermore, upon decomposition of the iron
precursor, a large quantity of carbon monoxide is formed which could adsorb and react at the
nanoparticles surface if not driven out of the reaction medium. Thus, to synthesise the NiFe
nanoparticles, we reﬂuxed a 1/1 mixture of the two precursors in anisole.26 Hexadecylamine was
chosen in this case to stabilise the particles, since it had already proven of good value in the stabilisation of nickel nanoparticles20a and was successfully used to induce long range self-assembly of
In or Sn particles.21 The solution turns black very quickly under these conditions. The reaction was
monitored by IR spectroscopy, especially we have checked that there was no Fe(CO)5 left in the
medium after 3 h. The ﬁnal material was recovered by evaporation of the solvent to dryness. No
adsorbed CO could be evidenced at the nanoparticles surface by IR spectrocopy conducted on KBr
pellets of the solid ﬁnal material. Two diﬀerent syntheses, following the same procedure, lead to
two materials: NiFe1 and NiFe2 that diﬀer only by the mean diameter of the particles. This point
will be discussed later.
The chemical conditions used in these syntheses generate nanoparticles of narrow size distribution, as can be deduced from TEM images of the materials Co1-2, NiFe1-2 and typical size
histograms (Figs. 1–4). This is a great advantage for self-assembly, because it suppresses the time
consuming and low yield size selection steps. Cobalt particles are obtained with two diﬀerent sizes
2.5 and 3 nm for Co1 and Co2 respectively. NiFe1 and NiFe2 consist of NiFe nanoparticles of
respectively 2.7 nm and 3.3 nm. The diﬀerence in size observed between Co1 and Co2, should be

Fig. 1 TEM of cobalt nanoparticles stabilised by oleic acid, Co1, as deposited on amorphous carbon and size
histogram.
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Fig. 2 TEM of cobalt nanoparticles stabilised by oleic acid, Co2, as deposited on amorphous carbon and
distance histograms.

related to a slight diﬀerence in the heating process more than to the precipitation step, since no
metal residue could be observed in the ﬁltrate. The fact that the mean size of NiFe nanoparticles
varies from one synthesis to the other can most probably be attributed to the same reason, as the
nucleation process is the determining step and, unfortunately, yet the less controlled one.7f,27
Atomic structures within the nanoparticles have been further investigated by WAXS.28 Cobalt
nanoparticles display an HCP structure with parameters identical to that of bulk cobalt.15b,20b As
can be deduced from Fig. 5 (bottom scheme), the radial distribution function (RDF) associated to
NiFe nanoparticles displays a narrow ﬁrst peak corresponding to a metal–metal bond of circa 251
pm, evidencing the metallic character of the particles. This RDF globally corresponds to that
computed from a spherical particle with a FCC lattice; however the agreement is not perfect.
Accordingly, the corresponding diﬀraction pattern, Fig. 5 (top scheme), displays peaks that correlate either to FCC or to BCC phases. For bulk NiFe, it has been reported that BCC and FCC
phases coexist at low temperatures (below 250  C) for Ni contents between 10 and 70%.29 A similar
behaviour is observed here for the NiFe nanoparticles. Distribution of both Ni and Fe in the
particles is diﬃcult to determine. However magnetic measurements,30 especially the very low
anisotropy value of these nanoparticles, are in good agreement with the formation of an alloy.

III.

Organisation

The organisation of the particles has been investigated both on the crude powder by SAXS
measurements and via TEM imaging of carbon coated copper grids on which a drop of a toluene
solution of the material has been evaporated. No precaution was taken to control the evaporation
rate of the solvent ﬁlm.

Fig. 3 TEM of hexadecylamine stabilised NiFe nanoparticles, NiFe2, as deposited on amorphous carbon, size
and distance histograms. Scale bar: 10 nm.
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Fig. 4 TEM of hexadecylamine stabilised NiFe nanoparticles, NiFe1, as deposited on amorphous carbon. 1:
enlargement of region 1, showing the typical pattern of a FCC lattice observed along a [110] direction with the
characteristic ABC stacking sequence of the (111) planes. However, the interparticle distance along the x and y
directions ([112] directions in the FCC lattice) are slightly diﬀerent: 4.9 nm in direction x, 5.2 nm along direction
y. 2: enlargement of region 2, showing a perfect hexagonal packing of the particles; the interparticle distance is
5.8 nm in all three directions, at 60 angles.

The diﬀerent self-organisation patterns observed on the grids (Figs. 1–4) can be related to both
the particle content in the material and the nature of the surrounding ligand. In the case of NiFe2,
the organisation is scarce, most probably because of a slightly too broad size distribution. The
mean distances between NiFe nanoparticles measured in dense regions fall on an average value of
6 nm (Fig. 3). From the mean diameter of these particles, 3.3 nm, we deduce an average spacing of
2.7 nm. As coordinated hexadecylamine extends its saturated alkyl chain to a maximum of 2.2 nm,
the average spacing measured implies either constrained conﬁgurations for the alkyl chain or the
occurrence of some interdigitation between the chains of adjacent particles.
Faraday Discuss., 2004, 125, 265–278
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Fig. 5 Top: Diﬀraction pattern for NiFe1, peak positions and intensities for two NiFe crystalline samples
(JCPDS ﬁles converted to molybdenum wavelength); bottom: Radial distribution function for NiFe1 (full line)
and computed from a spherical model (3 nm diameter) of FCC lattice (dotted line).

TEM investigation of NiFe nanoparticles from NiFe1 shows that part of the grid is covered with
monolayers of particles, adopting a perfect hexagonal packing, evidenced by the ABAB sequence
and angles of 60  C, as can be seen on the enlargement 2, Fig. 4. The interparticle distance is 5.8 nm
in all three directions. Other regions consist of 3D assemblies, enlargement 1, Fig. 4. In this case,
the particles layers are stacked along an ABCABC sequence, typical of a (111) plane stacking in a
FCC lattice. The lattice is here observed along a [110] axis, and the x and y directions, which form
an angle of 70 , correspond to [112] FCC directions. The interparticle distance however is diﬀerent
along the two directions (respectively 4.9 and 5.2 nm), which shows that the structure is slightly
distorted. It is noteworthy that the directly observed lattice doesn’t correspond to the compact
lattice observed for monolayers and moreover that the interparticle distances are smaller than those
measured on monolayers. This, along with the shape of the 3D regions, suggests that we are in the
presence of crystallites formed during the evaporation process and subsequently deposited on the
TEM grid. As these particles have a mean diameter of 2.7 nm, the average spacing in 3D crystallites
is respectively of 2.2 and 2.3 nm, whereas in monolayers the average particle spacing has a value
of 3.1 nm. This is in agreement with a strong interdigitation of the alkyl chains of the ligand in
the case of the 3D crystallites, and further attests the idea of crystallisation in solution.31 It is
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noteworthy that spontaneous crystallisation of tin nanoparticles in the presence of hexadecylamine
has already been observed in our group.21
In solution in a good solvent, and due to the high curvature of the nanoparticle surface, the alkyl
chain of the ligand is very mobile.32 This insures the stability of the colloidal solutions. Indeed, if
the particles got close, the motions of the alkyl chain would be restricted, which is not favourable
from an entropic point of view, moreover osmotic eﬀects would also tend to repel the particles.
However, as the solvent evaporates the particles are forced to get close to one another. Van der
Waals interactions, either between the particles metallic core or between the alkane chains, can take
place. The interdigitation process would then favour these Van der Waals interactions inducing
crystallisation of the alkyl chain in the particle interspacing and crystallization of the particle
assembly.
In the case of cobalt nanoparticles protected by oleic acid, the TEM images display diﬀerent
patterns according to the metal content in the sample. As already mentioned above, almost no
organisation is observed when a large excess ligand is present in the material (Fig. 1). However, for
Co2, the particles tend to form hexagonal arrays on the grid (Fig. 2). Oleic acid has a long oleﬁnic
chain (C18) which presents a double bond at the C9 position with a cis conﬁguration. The induced
kinking of the carbon tail has been suggested to be at the origin of the good stabilising properties of
this ligand.23 The apparent length of the alkyl chain thus more or less corresponds to that of a C9
carboxylic acid, i.e. 1.4 nm at maximum extension when coordinated at a metal surface. However,
the packing of the bent part of the chains over the particle surface clearly prevents any interdigitation between the ligand chains of diﬀerent particles. The mean interparticle distance between
the particles deposited on the amorphous carbon grid corresponds to approximately 5 nm, leading
to spacing of 2 nm, clearly indicating a collapse of the alkyl chains of the ligand. This collapse
most probably occurs upon evaporation of the solvent. It has already been observed during the
formation of assemblies of functionalized gold nanoparticles.8d
Local arrangement is close to hexagonal in both cases, with multiple stacking faults.
For comparison one drop of the same solution was deposited on freshly cleaved carbon graphite.
In Fig. 6, we can see that the organisation pattern is similar to what is observed on amorphous
carbon. However, formation of multilayers is more often observed in this case.
The formation of superlattices is the result of competing forces: repulsive forces discussed above,
Van der Waals attractive forces between the particles, magnetic interactions, and surface tension
during evaporation. At a given temperature, i.e. thermal energy motion, the time allowed to the
evaporation process is crucial: the particles should have enough time to ﬁnd their equilibrium
position, like in a crystallisation process, if a close-packed lattice is expected to form. This can be
particularly diﬃcult for small particles, where Van der Waals interactions between the metallic
cores are very small.33 Furthermore, in these experiments, no precaution was taken to control the
evaporation rate of the solvent. This could be a possible reason for the numerous stacking faults
observed in the particle assembly.
SAXS measurements have been performed on the solid samples.34 In k-space, a sharp peak is
observed for each sample at a value between 1.8 and 1.25 nm1, as well as a broad one at 0.86
nm1 in the case of NiFe1-2. The corresponding distances are respectively 5.3 to 5 and 7.3 nm.

Fig. 6 TEM of Co2 as deposited on carbon graphite and distance histogram. Scale bar: main pictures 15 nm,
insert: 3 nm.

Faraday Discuss., 2004, 125, 265–278

271

Fig. 7 SAXS of NiFe2 recorded at ESRF, beam line ID01, l ¼ 1.63 Å (a ¼ 0.86 nm1; b ¼ 1.25 nm1
corresponding respectively to distances of 7.3 nm and 5 nm).

Fig. 7 displays the data set for NiFe2, after correction from the background scattering. We
tentatively attribute these distances to interparticle distances. They are in good agreement with
the interparticle distances measured by TEM on Co nanoparticles protected by oleic acid and
with those measured in 3D crystallites of NiFe1. It is noteworthy that in the case of NiFe2, the
ﬁrst average particle–particle distance is smaller in the solid state than what can be measured
on the TEM grid. We relate this to a possible interdigitation, or at least a diﬀerent conformation, of the alkyl chains in the solid state. This can be also related to a collapse of the
alkyl chain during the drying step. It further suggests that the solid may contain small crystallites as observed for NiFe1.
The broad peak could correspond to less dense regions in the powder or to distances between
second neighbours. The absence of peaks at lower k-values, for each sample, evidences the absence
of long range order in the solids.

IV.

Magnetic properties

The nanoparticles described herein are small enough to be regarded as single domain magnetic
particles. Magnetic studies were carried out on dried samples.35 In Fig. 8 we show the zero ﬁeld
cooling/ﬁeld cooling (ZFC-FC) curves for the three colloids. As a common feature their shapes
evidence a single maximum on the ZFC curve at a temperature TB and increasing susceptibility
when lowering the temperature on the FC curves. Such behaviour is characteristic of superparamagnetism. In each case when lowering the temperature, the FC curve follows the ZFC one
and deviates at a temperature very close to TB .
Superparamagnetism was also conﬁrmed by the isothermal magnetisation measurements. For
each compound the magnetisation curve measured at a temperature below the blocking temperature TB is hysteristic (not shown). The hysteristic behaviour disappears for temperatures above
TB . From the values of the magnetisation measured at 5 K and 5 T and the metal ratio determined
by chemical analysis, we estimated the values of the average magnetic moment per cobalt atom to
be 1.72(0.1) mB/Co atom for Co1 and Co2 and 1.15(0.1) mB/average metal atom for NiFe2. The
measured value for the Co corresponds to the bulk one as expected for cobalt particles stabilised by
a carboxylic acid. The magnetic moment per average metal atom measured for the NiFe nanoparticles is signiﬁcantly below the expected bulk value (1.7 mB/atom). The origin of this reduction is
not yet clearly established. The chemical elaboration of iron based nanoparticles without any
surface contamination remains a challenge. In the present case, the decomposition of the Fe(CO)5
precursor generates carbon monoxide that could be partially trapped at the particle surface, despite
the careful conditions used for the synthesis. Carbon monoxide could also react with the particles
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Fig. 8 ZFC/FC curves for Co1-2 and NiFe2 materials recorded on powders. (Symbols: experimental data;
straight lines: best ﬁt, see text.)

to form surface carbides and/or oxides. As no CO could be evidenced at the surface of the particle
by IR spectroscopy, the second hypothesis is likely to be responsible for the observed decrease of
the local magnetic moment. These aspects will be discussed elsewhere. In this paper, we will focus
on the role of long range dipolar magnetic interactions on the blocking temperature. In particular,
we will examine what is the inﬂuence of the intrinsic anisotropy of the particles, and that of the
magnetic interactions on the magnetisation process.
The inﬂuence of the increase of the nanoparticles concentration could be ﬁrst identiﬁed on the
susceptibility. For systems of non-interacting magnetic nanoparticles, the susceptibility follows
a simple Curie law above the blocking temperature. In this temperature range, when magnetic
interactions are present, the variation of the magnetisation (m) as a function of the temperature (T )
measured in a low magnetic ﬁeld (H) follows a Curie–Weiss law,
m ¼ constant 

H
;
T y

where y reﬂects the strength of the magnetic interactions. For Co1 and NiFe2, the inverse of m
versus T follows a straight line which allows one to determine precisely the values of y,
respectively 4 K and 60 K (see insert, Fig. 8). For Co2, the Curie–Weiss behaviour is less
evident and only an average value of 55 K can be estimated (insert, Fig. 8). We can observe
that according to the increase of the magnetic volume fraction, the strength of the dipolar
interactions increases.
In order to analyse these data more precisely, we have ﬁtted the experimental curves for the three
samples using the model described hereafter.
Faraday Discuss., 2004, 125, 265–278
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We assume that ZFC magnetisation and FC magnetisation both result from superparamagnetic
and blocked contributions, as described in the following expressions:
"
#
Z 1
Z vm ðT Þ
MS2 ðTÞH
1
1
2
mZFC ¼
v fðvÞdv þ
vfðvÞdv ;
kB ðT  yÞ 0
3Keff vm ðTÞ
3V
"
#
Z vm ðTÞ
Z
MS2 ðTÞH
1
lnðtm =t0 Þ 1
2
mFC ¼
v fðvÞdv þ
vfðvÞdv ;
3V
kB ðT  yÞ 0
3Keff
vm ðTÞ
R
where V ¼ 1
0 vf(v)dv, MS is the spontaneous magnetisation, vm(T ) is the transition volume above
which the particle is in the blocked state, below which the particle is in the superparamagnetic state.
In the case of a system of interacting magnetic particles, the relaxation time (t) associated to the
superparamagnetic behaviour is deﬁned by,


Keff v
t ¼ t0 exp
;
kB ðT  yÞ
where t0 ¼ 109 s. For a measurement time of tm ¼ t, vm(T ) is deﬁned as
 
tm kB ðT  yÞ
:
vm ðTÞ ¼ ln
Keff
t0
Using the Weiss temperature deduced from the m1(T ) curves, we then ﬁt the ZFC/FC curves
using a Log-normal size distribution (f(v)) of particles to describe the magnetic size distributions.
A very good ﬁt was achieved for all three systems, allowing accurate determination of the
eﬀective anisotropy (Keﬀ). The parameters used are listed in Table 1.
We can observe that the magnetic size, i.e. the average size activated in the superparamagnetic
relaxation, is identical to that measured by TEM for the Co1-2 samples, within experimental errors.
The eﬀective anisotropy is much higher for the system of higher magnetic volume fraction. This
increase can be ascribed to the inﬂuence of the magnetic dipolar interactions, which give a contribution to the total anisotropy barrier (Ki). The second contribution is due to the intrinsic
anisotropy of the nanoparticles (Ku). Taking into account the value of the intrinsic eﬀective
magnetic anisotropy (Ku) measured in non-interacting system, which is close to the bulk one (4 
106 erg cm3), we calculated the value of Ki from the expression Keﬀ ¼ Ku + Ki . The calculated
values for Ki are thus 106 erg cm3 and 7  106 erg cm3 for Co1 and Co2 respectively. Ki can be
related to the magnetic volume fraction through the expression derived by Dorman et al.,
Ki ¼ naM2S ,36 where n is the number of ﬁrst nearest neighbours, and a, the magnetic volume
fraction. Considering a compact packing with n ¼ 12, the magnetic volume fractions a are estimated to 5% and 30% for Co1 and Co2 respectively. Actually, sample Co2 has the higher metal
content, with a volume fraction close to 10%. On the contrary, sample Co1 consists of diluted
nanoparticles with a volume fraction of 1%. Both the SAXS and magnetic measurements evidence
more dense regions, pointing to a non-homogeneous sample. We tentatively relate this to a
beginning of organisation and to the presence of excess ligand.
The NiFe sample, NiFe2, displays a much more complicated behaviour. The activated volume
involved in the superparamagnetic regime is much larger than the volume calculated from TEM
observations. In this system, the intrinsic anisotropy of the particles is small (close to 104 erg cm3
in the bulk),3a and thus the main contribution to the eﬀective anisotropy is due to the magnetic
dipolar anisotropy, which value can be estimated close to 2.9  106 erg cm3. The value obtained
for the magnetic volume fraction falls around 28% which is consistent with the structural data
(22%). However this is much higher than the 1% value deduced from the micro-analysis on the
basis of a homogeneous material. The higher magnetic volume fraction is a further evidence that
these nanoparticles tend to crystallise.
It is diﬃcult to interpret the role of dipolar interactions on the blocking temperature on the basis
of this sole set of experiments. However, its ﬁrst inﬂuence leads to an increase of the blocking
temperature, as can be seen for Co1-2 samples. Furthermore, it is interesting to compare the two
samples with the higher magnetic volume fraction: Co2 and NiFe2. The large magnetic volume
determined in the case of NiFe2 can be interpreted as an evidence of the simultaneous rotation of
274
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SAXS
5.3
5.3
5. 2
5 and 7.3

Diameter/nm

2.5
3.0
2.7

3.3

Co1
Co2
NiFe1

NiFe2

–
5
5.8 or 4.9
and 5.2
6

TEM

Interparticle distance/nm

28

12
28
—

TB/K

Main characteristics of Co1-2 and NiFe1-2 materials

Material

Table 1

5.5

2.4
3.4
—

f0/nm

f(v)

0.06

0.1
0.02
—

s

3  106

5.0  10
11  106
—

6

Keﬀ/erg cm3

< 105

4.0  10
4.0  106
—

6

Ku/erg cm3

2.9  106

1.0  10
7.0  106
—

6

Ki/erg cm3

60

4
55
—

y/K

several particles. The rotation of the magnetisation seems to remain individual in the case of Co2.
The main diﬀerence between these two samples consists in the hard and soft characters of Co and
NiFe respectively. Thus, it seems that the hard intrinsic anisotropy preserves the individual
behaviour, while soft systems display an easier transition to the collective one. These tendencies
must be checked on a wider range of systems of various intrinsic anisotropies and various volume
fractions, in order to have a more precise picture.
From the theoretical point of view, these phenomenons are not well identiﬁed. The magnetisation process of such materials cannot be described by analytical models. Monte-Carlo calculations have demonstrated their ability to simulate the magnetic properties of non-interacting
nanoparticles.37 The case of interacting nanoparticles is more diﬃcult to address since it requires
the calculation at each nanoparticle site of the local ﬁeld due to the long range dipolar ﬁelds.
Preliminary calculations have been performed in order to investigate the role of the interparticle
distance on a system of Co nanoparticles with a HCP crystallisation, in agreement with published
works.38 Qualitatively, the ﬁrst clear tendency is that, increasing the magnetic volume fraction leads
to an increase of the blocking temperature as can be observed experimentally on Co1-2 samples.
Further calculations are in progress in order to determine precisely the inﬂuence of Ki/Ku on the
magnetization process, especially, the activated volume and correlation length.

V.

Conclusion

We have synthesised nanoparticles of Co and NiFe displaying narrow size distributions. The
stability and size control was achieved by use of oleic acid in the case of the Co particles and
hexadecylamine in the case of NiFe particles. Structural and magnetic measurements show that
these particles tend to self-assemble either when deposited on carbon surfaces or in the solid state
during the evaporation process. Especially, in the case of NiFe capped by hexadecylamine,
nanocrystallites probably form spontaneously from the solution, which implies a precise positioning of the particles. This could be related to the magnetic properties of the particles assemblies.
Interestingly, we have found that the magnetic behaviour of the particles varies from an individual
to a collective one, as the anisotropy ratio Ki/Ku increases. This is particularly important if
applications in data storage are aimed at. Materials with high anisotropy will both allow decreasing
the critical size of the magnetic dot and help maintain an individual behaviour even if strong
dipolar couplings are present, as it will be the case for high density media. These tendencies must be
conﬁrmed by analysing the inﬂuence of the anisotropy ratio Ki/Ku on the magnetization process,
on diﬀerent materials with diﬀerent magnetic volume fraction.
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