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elf-organization of nanoparticles into two- and
Sthree-dimensional superlattices on a large scale is

required for their implementation into nano- or
microelectronic devices™*. This is achieved, generally after a
size-selection process™*, through spontaneous self-organization
on a surface’", layer-by-layer deposition'? or the three-layer
technique of oversaturation®, but these techniques consider
superlattices of limited size. An alternative method developed
in our group involves the direct formation in solution of
crystalline superlattices, for example of tin nanospheres,
iron nanocubes or cobalt nanorods, but these are also of
limited size'>"”. Here, we report the first direct preparation in
solution of multimillimetre-sized three-dimensional compact
superlattices of nanoparticles. The 15-nm monodisperse
FeCo particles adopt an unusual short-range atomic order that
transforms into body-centred-cubic on annealing at 500 °C. The
latter process produces an air-stable material with magnetic
properties suitable for radiofrequency applications.

The fabrication of small, low-consumption and high-
performance inductors that are needed for the development
of portable communication requires the deposition of a soft
ferromagnetic layer with a high permeability value and a
ferromagnetic resonance beyond the operating frequency. High
permeability, in turn, requires homogeneous nanomaterials, with a
narrow distribution of local magnetic field in order to get a sharper
resonance. This could be achieved in organized nanostructured
materials consisting of monodisperse soft ferromagnetic
nanoparticles. Techniques generally use radiofrequency magnetron
sputter deposition'®2" or electroplating?’. An alternative approach
could use self-assembled Fe—Co nanoparticles, but would, in turn,
raise several problems, namely: (i) organization of the particles
into very large two- or three-dimensional superlattices (several
millimetres or larger), (ii) control of the interparticle distance and
of the overall geometry of the nanomaterial in order to obtain
reproducible component performances, (iii) stability in air and
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(iv) manufacturability of the material. The FeCo nanoparticles
or nanowires reported so far are dispersed in films or gels and
therefore not suitable for radiofrequency applications, essentially
because of the low metal volume fraction®.

Bimetallic nanoparticles (CoRu, CoRh, CoPt or RuPt) have
been obtained in our group by co-decomposition under H, of
appropriate organometallic precursors®. A similar route leads to
FeCo nanoparticles using Fe(CO); (1), Co(17’-CsH,3) (n*-CsHy,) (2)
and Co(N(SiMes),), (3) (ref. 26) as precursors. The stoichiometry
1 equiv. Co:2 equiv. Fe was chosen to lead to the correct
composition of the final product. In a typical reaction, the
precursors are reacted with H, at a pressure of 3 bars in
toluene at 150 °C for 48 h in the presence of a mixture of
1 equiv. hexadecylamine and 1 equiv. oleic acid. A solid, consisting
of millimetre-long black needles or plates, precipitates in high yield
(typically 97% based on cobalt) from the solution. The needles are
collected on a stirring bar, whereas the plates form when no stirring
bar is present during the synthetic process (Fig. 1a).

Using either 1 and 2 or 1 and 3 as precursors, the resulting
nanomaterials (NM1 and NM2, respectively) were found by
elemental analysis to show the target stoichiometry, namely
Fey 41 Coy .39 and Fe, 53Coy 45, associated with a metal weight fraction
of 75 and 80%, respectively. Transmission electron microscopy
(TEM) measurements carried out directly on both NM1 and
NM2 proved difficult and only showed the particles on the
edges of the needles. However, after redissolution in the presence
of excess ligands, well-dispersed spherical particles of around
15 nm mean size and low dispersity of size were visible. High-
resolution electron microscopy (HREM) micrographs of NM1
show a non-periodic contrast that differs from that expected in an
amorphous material (Fig. 2). The Fourier transform of such HREM
images reveals an intense diffraction ring at 0.2 nm™" attributed
to periodicity limited to domains of around 2 nm within the
particle. Under the electron beam, the structure of the particles
changes towards the body-centred-cubic periodic structure of bulk
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100 nm

Figure 1 Global views of Fe-Co supercrystals from a macroscopic to a nanometric scale. a, Photograph of one 4-mm-long NM1 supercrystal. b, SEM—FEG micrographs
of a NM1 supercrystal; scale bar = 10 nm, inset scale bar =1 um. ¢,d, TEM micrographs after ultramicrotomy of NM1 nanoparticles (inset in d: Fourier transform of the

image). e, SEM-FEG micrograph of a broken NM1b supercrystal.
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Figure 2 Structural analysis of Fe—Co nanoparticles. a, HREM micrograph and Fourier transform (inset) of one NM1 nanoparticle. b, Radial distribution function (RDF)
obtained by WAXS of NM1 (dotted line), NM1an (dashed line) and a model (FeCo body-centred-cubic; full line); ris the interatomic distance.

FeCo, suggesting that this non-periodic structure of the particles
is metastable. The diffraction pattern only shows a few broad
peaks that do not match any common phase for iron, cobalt
or an alloy. Furthermore, the HREM studies show the absence
of significant oxidation of these particles (Fig. 2), although we
cannot exclude the presence of a few atomic layers of surface
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oxidation. Wide-angle X-ray scattering (WAXS) experiments were
also carried out on the material. After Fourier transform, the
radial distribution function (Fig. 2b) shows a mean bond length
of 0.260 nm consistent with a Fe—Co alloy. The coherence length
of the particles is close to 2 nm, in agreement with HREM results,
but much shorter than the real size of the particles. All of these
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Figure 3 Scattering and TEM analysis of annealed Fe—Co nanoparticles.

a, HREM micrograph of particle of NMan; scale bar = 5 nm. b, SEM-FEG
micrograph of one NMan supercrystal; scale bar = 10 um. ¢, TEM micrograph
of NMan after ultramicrotomy; scale bar = 20 nm.

elements clearly indicate that the particles lack long-range atomic
order and adopt a structure close to those observed for small
Co and Fe nanoparticles in ref. 27, and to the & cobalt phase
discovered in ref. 28. Parametric endo/exoatmospheric lethality
simulation (PEELS) analysis carried out on isolated particles
suggests a surprising onion-like structure consisting of a cobalt core
surrounded by an iron shell, itself surrounded by a cobalt layer
(Supplementary Information, Fig. S3). As the PEELS samples had
to be handled in air for a short time, the presence of some surface
ferrite layer is not excluded. Scanning electron microscopy with
field emission gun (SEM—FEG) analysis of several millimetre-sized
solids showed a very densely packed arrangement of the particles
that tends to crack owing to the high vacuum in the microscope
chamber. The induced sharp ridges reveal the inner organization
of the solids showing close-packed self-organized particles within
millimetre-sized superstructures (Fig. 1b). TEM experiments
performed on thin samples prepared by ultramicrotomy confirm
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the hexagonal two-dimensional packing of 15-nm-diameter
monodisperse nanoparticles (Fig. 1c,d). The inset to Fig. 1d
is a Fourier transform performed on the whole TEM image.
The discrete reflections and the sixfold symmetry of the Fourier
transform indicate that this regular organization remains over
regions at least as large as 1 um even if stacking faults can be
observed in several regions. Owing to the large parameter of the
supercrystal (~15 nm), its symmetry is difficult to explain by
electron diffraction techniques. Interestingly, an optimization of
the synthesis was carried out using one extra equivalent of stearic
acid (NM1b) leading to very large supercrystals of otherwise similar
particles. In this case, the organization is also visible throughout
the supercrystals and local face-centred-cubic packing is revealed
by SEM on a broken supercrystal (Fig. 1e). Spontaneous formation
of nanocrystal superlattices has been observed in the case of tin'® on
precipitation of nanoparticles in the presence of an amine and an
ammonium salt, but not for millimetre-sized crystals. In the field
of magnetic materials, CoPt; superlattices with sizes up to 20 um
have been achieved, but the use of the three-layer technique of
oversaturation was needed to generate the superlattices after the
formation of the particles®. We benefit both from the potential
presence of charges due to proton transfer between acid and amine
and from the dipolar couplings between the particles aggregating
them in solution. Both effects will induce a precipitation of the
particles shown to favour formation of regular superlattices in the
case of tin. The regularity of the precipitated structure is due to
the monodispersity of the particles. This, in turn, may result from
the synthesis method, which uses organometallics and dihydrogen
that both favour redistribution of atoms between nanoparticles
and size homogeneity'”. For NM2, SEM-FEG observations showed
the presence of large superstructures of spherical particles of
15 nm mean diameter with a very low size distribution. Despite
the apparent densely packed assembly of the particles, no clear
long-range organization was detected either by SEM or by TEM
after ultramicrotomy.

Squid measurements show a ferromagnetic behaviour at room
temperature for NM1 with a saturation magnetization (M) of
160 A m* kg;(.,, corresponding to a magnetic moment per metal
atom of u =1.71 uy (where uy is the Bohr magnetron) and
a coercive field woH. of 0.01 T at 2 K and 0.3 mT at 300 K.
Corresponding values for NM2 were a M, of 183 A m* kg;L. , a
magnetic moment per metal atom of u =1.95 up and a poH, of
0.01 T at 2 K and 1.1 mT at 300 K. The difference in M, between
NM1 and NM2 could be related to the different precursors. An
excess amine is produced in the case of NM2, which has been shown
to be innocuous for the magnetic properties of nanoparticles in
contrast to CO or oxo groups.

Both NM1 and NM2 were found to slowly oxidize in the
presence of air leading to the formation of a crystalline oxide
shell (Supplementary Information, Fig. S1), probably a ferrite as
shown in ref. 29, and to a decrease of the magnetic properties
of the material (after 48 h M, = 130 A m? kg;;Co, u=1.33 ug,
woH, =0.0064 T at 300 K) concomitant with a slight shift in the
hysteresis loop as expected. In order to circumvent this problem
the particles were annealed under argon at 500 °C for 30 min. This
thermal treatment produced new materials (NM1an and NM2an),
but did not change either the size or shape of the individual
particles or the shape of the superstructures. The organization of
the nanoparticles inside the superstructures may, however, have
been altered as no large organized arrays could be clearly shown
by SEM or TEM after ultramicrotomy (Fig. 3). This probably
results from the shrinking of the organic shell of the particles
owing to the graphitization process and therefore from the possible
mobility of the particles inside the superlattice. After annealing,
the particles adopt the body-centred-cubic structure of bulk FeCo
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as determined by both WAXS and HREM, hence confirming
the metastable nature of the original atomic organization inside
each particle. In addition, the coherence length derived from
WAXS spectra shows a net increase, in agreement with a much
better crystallinity inside the particles. Furthermore, the annealing
process also leads to the formation of a carbon shell of around
2 nm width at the surface of the particles as shown by HREM
(Fig. 3)*. This layer was found to protect the particles efficiently
from oxidation (no noticeable change in the magnetic properties
after two weeks of exposure to air). Finally, the annealing process
leads to materials of higher weight fraction (90% for NMlan and
87% for NM2an). In these materials, the iron and cobalt atomic
distribution within individual nanoparticles is homogeneous,
as determined by PEELS, and the magnetic properties are
strongly improved, as a result of the phase transition, as
magnetization values are close to those expected for the bulk alloy
(M, =220 Am® kg, £ =2.25 pg, poH. = 0.015 T at 300 K,
0.018 T at 2 K; M, =245 Am’ kg, for bulk FeCo) both
for NMlan and NM2an (Supplementary Information, Fig. S2).
As suggested in ref. 30, the increase of the magnetic moment
after annealing could be attributed to the disordered—ordered
phase transition, the relative low magnetization observed before
annealing being a consequence of the disordered structure. It
is worth noting that this structural transition does not affect
the magnetization process, because all of the nanomaterials
described in this paper have small coercive fields and remanence
magnetizations. Considering the magnetocrystalline anisotropy,
the blocking temperature of isolated nanoparticles should be in the
range of 5070 K. In all cases, the large magnetic volume fraction, in
the range of 40-50%, induces large dipolar fields that are stronger
than the anisotropy field, which gives the main contribution to
the energy barrier. This implies that the supercrystals adopt an
antiferromagnetic structure arising from the dominant dipolar
interactions®’. This kind of nanostructured material fulfils the
requirements for a high permeability in the gigahertz range. The
measurements of the permeability properties are in progress.
Preliminary experiments show a ferromagnetic resonance beyond
4 GHz. This study therefore demonstrates that the organometallic
approach is adapted to the synthesis of nanomaterials of controlled
size, organization and physical properties, which are then able to be
implemented in low-consumption microelectronic devices.

METHODS

All non-commercial compounds were prepared under argon by using standard Schlenck techniques.
A glove box was used for the preparation of the starting solutions. Toluene was purchased from SDS,
distilled over sodium and degassed through three freeze—pump—thaw cycles. Hexadecylamine and
Fe(CO)s were purchased from Fluka and Aldrich, respectively. The elemental analyses were performed
by the Service Central d’Analyse, Département Analyse Elementaire in Vernaison, CNRS, France. The
TEM studies were carried out on a JEM 200CX, 200 kV, resolution 4, 5 A, the HRTEM studies on a
JEOL-2010, 200 kV, resolution 2.3 A, the SEM—FEG studies on a JEOL JSM 6700F, 0.5 to 30 kV and the
PEELS studies on a Philips CM200 FEG-TEM apparatus. The Squid magnetometer was a MPMS 5
Quantum Design. WAXS measurements were performed at CEMES on a dedicated two-axis
diffractometer at molybdenum wavelength (0.071069 nm). Measurement time was typically 20 h per
sample. Pure sample powders were sealed inside thin-walled glass cpillaries 1.5 mm in diameter.
Intensity was reduced by subtraction of components independent of the structure, and then

Fourier transformed.

CO(17°-CsHi3) (17*-CsHyz) AND CO(N(SIME;),),

The synthetic procedures are described in the literature’

TYPICAL PROCEDURES LEADING TO NM1, NM1B AND NM2
In the glove box, 1 mmol of hexadecylamine (241 mg), 1 mmol of oleic acid (282 mg) and 1 mmol of
cobalt precursor (for example, 276 mg of Co(n*-CsH,3) (17*-CsH,,) or 379 mg of Co(N(SiMe;),),) are
introduced into a Fisher Porter bottle. 50 ml of degassed and distilled toluene are added followed by
2 mmol of iron precursor Fe(CO); (0.27 ml). The bottle is then conditioned under H, at a pressure of
3 bars and placed in an oil bath at 150 °C for 48 h. At the end of the reaction, H, is evacuated and the
supernatant removed. If magnetic agitation is used during the synthesis, the black material obtained is
found on the stirring bar; if no agitation is used during the synthesis, the black powder lies at the
bottom of the Fisher Porter bottle. In both cases, the product is dried under vacuum for 12 h and a
powder is collected in the glove box (mass m = 150 mg). Considering the weight fraction of metal
of the samples (75% for NM1 and 80% for NM2) and their relative composition (Fey s Coy 59 for
NM1 and Fe 53Coy 4, for NM2), the yield related to each metal can be calculated as 7z = 73%
and 7¢, = 97%.

A procedure totally similar to that used for NM1 but adding initially 1 extra equiv. stearic acid to
the other reagents leads to a more regular structure, NM1b (yield 1c, = 97%).
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TYPICAL PROCEDURES | FADING TO NMAN1 AND NMAN2

150 mg of NM1 or NM2 are transferred in the glove box into a quartz tube that is then placed in an
oven to be annealed. The temperature ramp is as follows: (i) from room temperature to 300 °C,

10 °C min™'; (ii) from 300 to 500 °C, 5 °C min™'; (iii) 30 min at 500 °C then natural cooling back to
room temperature. 120 mg of annealed material that has a metallic aspect is then collected in the
glove box.

Received 17 March 2005; accepted 28 July 2005; published 11 September 2005.
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