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Sonolysis of a solution of Fe(CO)s in anisol in the presence of poly(dimethylphenylene
oxide) (PPO) leads to the formation of small nonagglomerated iron particles. HREM analysis
shows that the size of the particles is centered around 30 A with a medium dispersity. HREM
analysis of the particles demonstrate that the smaller particles (<25 A) adopt the a-Fe (bcc)
structure, whereas the larger ones (=25 A) adopt the y-Fe (fcc) structure. Magnetic
measurements confirm the presence of small superparamagnetic particles (o-Fe) and of
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mostly antiferromagnetic or paramagnetic particles (y-Fe).

The synthesis of nonagglomerated magnetic nano-
particles of controlled size, structure, and surface is an
important challenge in materials science.l=3 Thus, the
facile preparation of such materials would allow the
study of the fundamental properties of these nanopar-
ticles, for example, the size dependence of their mag-
netic behavior (magnetic moment enhancement at the
surface) and the possibility of long-range magnetic
order.* Furthermore, numerous applications of these
materials can be expected, for example, magnetic re-
cording or permanent magnets, as long as they can be
handled easily and their physical properties are stable
with time.3

As far as the synthesis of small iron particles is
concerned, several procedures have been described
which lead to partially or totally oxidized materials.5
Some methods have however been reported recently
which described the synthesis of such zerovalent par-
ticles. This includes metal vapor deposition? and reduc-
tion of FeCl3 in inverse micelles, a method leading to
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monodisperse, zerovalent iron particles with sizes vary-
ing according to the micelles from 14 to 125 A3 An
alternative method employing an organometallic pre-
cursor, namely, sonication of Fe(CO)s, has been discov-
ered by Suslick and has led to agglomerated, amorphous
iron particles.® Furthermore, CO; laser-induced py-
rolysis of Fe(CO)s has led to pure y-Fe particles depos-
ited into organic solvents with sizes ranging from 30 to
85 nm.”

We have recently shown that stable nonagglomerated
colloids of zerovalent platinum group metal or coinage
metal could be prepared by low-temperature decomposi-
tion of organometallic precursors in the presence of a
reactive gas (CO or H,).8 The advantage of the method
lies in the absence of possible contaminants linked to
the use of chemical reductants (alkali metals, halogens,
boron, etc.). The synthesis of magnetic particles is
however more challenging because of the easy oxidation
and agglomeration of these particles.

We describe hereafter preliminary results concerning
the synthesis and magnetic properties of zerovalent iron
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nanoparticles stabilized by polymers and the observa-
tion of a surprising size dependence of the structure of
the particles.

The organometallic precursors used in this study were
the bis(cyclooctatetraene) complex Fe(CgHs), (1)° and
Fe(CO)s (2) previously used by Suslick.® Unlike the
corresponding ruthenium complex Ru(n*-CgH1o)(5-
CgHj12), 1 does not readily decompose under 3 bar of H;
in the presence of poly(vinylpyrrolidone) (PVP). The
reaction was carried out in different conditions (90, 75,
20 °C) for several days but always severely agglomer-
ated materials were obtained except for very low metal
content (ca. 2 wt % Fe in PVP) in which case some
isolated particles with sizes ranging from 20 to 50 A
were visible by TEM. This negative result led us to
attempt the decomposition of the commercially available
complex Fe(CO)s (2) by sonication in the presence of
PVP or poly(dimethylphenylene oxide) (PPO), a polymer
recently shown to stabilize copper or gold particles.&
The sonication was carried out using a Vibra-Cell 20
kHz apparatus equipped with a titanium probe and
operated at ca. 20% of the total power of the apparatus
(60 W cm™2). Sonication in THF in the presence of PVP
did not lead to decomposition of Fe(CO)s. However,
when the reaction was carried out in anisol in the
presence of PPO (initial conditions: [Fe] = 0.3 mol L%;
Fe/PPO = 170 wt %), the color of the solution changed
rapidly from pale yellow to black in agreement with the
decomposition of 2.1° An infrared spectrum of the crude
residue obtained after solvent evaporation indicated the
presence of several carbonyl iron species, most probably
clusters displaying vco absorptions between 1800 and
2100 cm~1. Washing this residue under argon several
times with THF resulted in the disappearance of these
infrared bands and formation of a black material,
soluble in anisol, and containing ca. 10 wt % iron as
determined by microanalysis.

The distribution and the fine structure of the small
particles were studied by high-resolution transmission
electron microscopy (HREM) on a Philips CM30/ST
microscope working at 300 kV with a point resolution
of 1.9 A. To study the particle size distribution over a
large number of objects, image analyses were performed
on digitized micrographs using the Optimas program.

Transmission electron microscopy (TEM) experiments
evidence the presence of nonagglomerated small par-
ticles in the sample prepared in the presence of PPO.
The histogram in Figure 1 shows a grain diameter
distribution between 10 and 120 A and centered around
30 A. Assuming spherical particles, the log-normal size
distribution gives an adequate description with a me-
dian radius in the range 19 + 1 A and a standard
deviation of 0 = 5.5 + 0.5. However, TEM observations
of the largest particles (diameter > 80 A) reveal that
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Figure 1. Experimental size distribution of Fe/PPO particles
(full-line: log-normal size distribution).
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Figure 2. HREM micrographs of (a) 20 and (b) 25 A diameter
a-Fe (bcc) particles.

most of these objects are polycrystalline and result from
the agglomeration of several grains.

To clear up the structure of single small particles
HREM experiments were carried out and Fourier
transforms were computed on the HREM micrographs.
Figure 2 shows HREM micrographs of isolated grains
having a diameter of about 20 and 25 A, respectively.
The Fourier transform of these particles evidences three
equivalent lattice spacings in three directions making
an angle of 60° between them. The measurement of
their interatomic spacing along one direction on the
HREM images in Figure 2 gives 2.3 A. The 3-fold
symmetry observed on the images in Figure 2 and the
lattice parameter of the particles suggest a bcc structure
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Figure 3. HREM micrograph of a 106 A diameter y-Fe (fcc)
particle.
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projected along the [111] direction which reveals the
{110} planes. These small particles are then o-Fe single
crystals. However, larger single particles were also
observed. One of them with a diameter of 105 A is
reported in Figure 3. The Fourier transform of this
particle evidences two equivalent lattice spacings in two
directions making an angle of about 72° and another
one at 56° from the previous directions. This symmetry
and the lattice distance measurements performed on the
HREM micrographs indicate a y-Fe (fcc) structure of the
particle which is observed along a [110] zone axis
showing up two {111} dense planes and a (002) one.
Such fcc structure was regularly observed on particles
of diameter larger than 30 A.

HREM experiments show that the smallest Fe par-
ticles have a bcce structure while the larger ones exhibit
a fcc one. Since the bulk y-Fe (fcc) structure is stable
only for temperature higher than 912 °C, the bcc
structure being that stable at room temperature, the
appearence of small Fe—fcc particles is surprising. The
nucleation of this Fe—fcc phase could be due to the
presence of very high local temperatures during the
sonication process followed by a rapid quench avoiding
any recrystallization processes. This is consistent with
the appearance in the sonication process of high local
temperatures and pressures established by Suslick.t
The formation of Fe—bcc particles could occur in less
severe conditions, suggesting that the medium is not
homogeneous and displays a gradient of temperature.
Another possibility is the presence inside our particles
of interstitial carbon which would stabilize the y-Fe
phase.

Magnetic Properties of the Particles. The mag-
netic properties of iron ultrafine particles depend strongly
on particle size, crystalline structure, and the presence
of an oxidized shell. a-Fe (bcc) particles have a ferro-
magnetic order despite the presence of an oxidized
surface in some cases.!’ The weak magnetization
compared to bulk o-Fe has been attributed to either the
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Figure 4. Zero-field-cooled and field-cooled magnetization
versus temperature for Fe/PPO particles.

presence of a dead layer on the particle surface or the
canting of magnetic moments in the oxide shell.12 On
the other hand, contradictory results have been pub-
lished on magnetic properties of fcc—Fe particles. In
general, fcc—Fe particles present an antiferromagnetic
order with a Néel temperature between 65 and 70 K13
which lowers as the particle size decreases,* but they
can also adopt a ferromagnetic order!® or a paramag-
netic behavior.1® Ultrafine particles of magnetic com-
pounds are typically superparamagnetic. In single-
domain particles with uniaxial anisotropy, only two
states can exist with a minimum energy corresponding
to the magnetization parallel to the easy axis.1718
Superparamagnetism is due to thermal fluctuations of
the magnetic moment switching from one stable position
to another. The relaxation time is given approximately
by 7 = (1/fo)exp(E/ksT), where f; is a frequency typically
of 10° Hz. E is the height of the energy barrier given
by E = KV(1 — H/Hg)? with Hy = 2K/Ms where K is the
first-order anisotropy constant, V the volume, and Ms
the saturation magnetization of the switching unit. The
applied field H is taken as positive when applying in
the direction that tends to cause switching.

The magnetization studies were carried out using a
MPMS 5.5 Quantum Design (with a SQUID detector).
The temperature could be varied from 2 to 400 K, and
magnetic fields up to 5.5 T were applied. For the
magnetic measurements, powders obtained after pre-
cipitation and washing of the colloid solutions were
transferred in an argon glovebox into a small container
to preserve from any uncontrolled oxidation which was
then introduced into the magnetometer.

The first signature of the superparamagnetic behavior
is shown in Figure 4 where the magnetization versus
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Figure 5. Hysteresis loop for Fe/PPO particles at 5 K (insert: coercive field plotted versus temperature).

field is measured with an applied field of 10 G according
to the zero field cooling (ZFC)/field cooling (FC) pro-
cesses.’® The ZFC magnetization shows a broad maxi-
mum at Tg = 75 K and a large irreversibility in the field
cooling (FC) process. The broad maximum reflects the
existence of a large size distribution. As the tempera-
ture rises, the fraction of particles above their blocking
temperature increases and the magnetization decreases
according to a Curie law.

Figure 5 shows the hysteresis loop (magnetization
versus applied magnetic field) at 5 K. The two major
features are the absence of saturation in fields up to 5
T and the lower magnetization values compared to bulk
bcc—iron. Below the blocking temperature, the sample
shows hysteresis loops. The insert in Figure 5 shows
the coercive field plotted versus temperature. This
curve was fitted with the law Hc = H2 (1 — aT2) which
is used in the case of monodisperse noninteracting
particles,8 with Hg being the coercive field at absolute
zero and a? = (ke/KV)In(zm/to). If we compare this
formula with those established by Néel, we may have
a2 =1/Tg. Inour case we find a2 =60 4+ 5 K, which is
in relative good agreement with Tg determined by ZFC.

Above the blocking temperature the hysteresis be-
havior disappears. Figure 6 shows the magnetization
versus applied field divided by temperature for two
different temperatures (100 and 200 K). The data
collapse on a single curve as expected for superpara-
magnetism for T > Tg.

The magnetic measurements allow us to eliminate the
hypothesis of high-spin ferromagnetic ordered fcc par-
ticles. On the other hand, we cannot conclude on the
type of magnetic behavior (antiferromagnetic or para-
magnetic), both being compatible with the absence of
saturation and weak magnetizations at 5 K.2°

The superparamagnetism observed above 100 K and
the magnetization in ZFC/FC process above 65/70 K
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Figure 6. Magnetization versus applied magnetic field di-
vided by temperature (100 K, squares; 200 K, circles).

take their origin in the presence of bcc particles, the
atoms of fcc particles becoming or being paramagnetic.
From Tg we can deduce the anisotropy constant K for
bce particles, according to the law'?2 K¢V, = 25kgTg
where Vp, is the mean volume and kg = 1.38 x 10723
J/IK. By taking Vp, equal to a sphere of radius 1.5 nm,
we find Ker = 1.83 x 108 J/m3. A similar value was
obtained by Xiao et al. for 2.5 nm iron particles,?* which
is very high compared to bulk value. Indeed, the
magnetic anisotropy for small particles is mainly gov-
erned by shape and surface anisotropy and consequently
much larger than expected for only crystalline aniso-
tropy.

From the temperature where ZFC and FC curves
collapse (around 210 K), we can deduce the maximum
volume of bcec—iron particles according to the precedent
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law. It corresponds to a sphere of 2.1 4+ 0.1 nm radius.
This result is consistent with HREM experiments.

Conclusion

We report in this communication the facile synthesis
of non-oxidized, nonagglomerated iron small particles.
Although we did not find a suitable organometallic
precursor for low-temperature decomposition, the sonol-
ysis method originally developed by Suslick, but em-
ployed here in the presence of the polymer poly-
(dimethylphenylene oxide) (PPO), allowed the preparation
of such particles. Most of iron present in the polymer
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was found to adopt the nonthermodynamically stable
y-Fe (fcc) phase. However, the small particles were
shown to adopt mainly the o-Fe (bcc) structure. Fur-
thermore, the magnetic properties of this material
agrees with the presence of some small superparamag-
netic a-Fe (fcc) particles and a large amount of antifer-
romagnetic or paramagnetic y-Fe (fcc) particles. The
reasons for this size dependence of the structure are not
clear. We are now looking for more suitable precursors
allowing the selective synthesis of Fe(0) particles of
either structure.
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